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FOREWORD

This research was carried out by the Aeroelastic and Structures Kesearch
Laboratory, Department of Aeronautics and Astronautics, Massachusetts
Institute of Technology, Cambridge, Mass. 02139 under Supplement No. P00010
of AFWAL Contract F33615-77-C-5155. The technical monitors were David
Nesterok and R. Garcia of the FAA Technical Center, Atlantic City Airport,
New Jersey. The advice, guidance, and cooperation of these individuals are
acknowledged most gratefully.

For helpful advice and information, the authors are indebted to M. Card,
H. Carden, R. Hayduk, J. Housner, H. McComb, J.H. Starnes, and R. Thomson of
the Structures Division, NASA-Langley; to B. Dexter and G. Farley working
at the Process/Applications Branch, Materials Division of NASA~Langley; to
R. Burrows, G.T. Galow, and T. Mazza of AVRADCOM, Ft. Eustis, Va.; and to
J.D. Cronkhite of Bell Helicopter Textron. All of these individuals were
) helpful in providing information on past, current, and planned research on
‘ aircraft structural response under static and/or crash conditions, simulated
¢ or actual.
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| The authors much appreciate the permission granted to reproduce in full

t herein four well-written and informative summary papers on past, current, and/or
3 future crash-response research. Reproduced in Subsection 2.1 is the paper

-' "Investigation of Crash Impact Characteristics of Composite Airframe Structures"
1 (20] by J.D. Cronkhite et al by permission of the American Helicopter Society.

- The papers by Thomson and Goetz [11] and Thomson and Caiafa [2] are reproduced

in Subsections 2.2 and 2.3, respectively, by permission of the authors. Also
reproduced in Subsection 2.3 is the paper by Wittlin [21] by permission of the
author and the Lockheed-California Company.
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SUMMARY
2 . .
(q A review of aircraft crash structural response research has been carried
f‘ out by studying the literature, discussions with researchers working in that

F{* area, and visits to facilities/personnel invulved in conducting and/or monitoring
- aircraft crash structural response investigations. Aircraft structures

’ consisting of conventional built-up metallic construction and those consisting

3 of advanced composite materials were of interest. The latter type of materials
H and construction is of particular interest since their use is expanding

: rapidly, and crashworthiness of such structures is of increasing importance.

F Some recent theoretical and experimental studies of the behavior of

t composite-material structures subjected to severe static, dynamic, and/or

;3 impact conditions are noted. Such topics as crashworthiness testing of

l. composite fuselage structures, the impact resistance of graphite and hybrid

3 configurations, and the effects of elastomeric additives on the mechanical
properties of epoxy resin and composite systems are reviewed.

- The principal theoretical methods for predicting the nonlinear transient
L structural responses of severely loaded structures are reviewed. Available
['® lumped-mass and finite-element computer programs tailored to aircraft crash
response analysis are noted.

A review is made of some current and planned research to investigate
experimentally the mechanical failure, postfailure, and energy-absorbing
behavior of a sequence of composite-material structural elements and structural
assemblages subjected to static loads or to simulated crash-impact loads. These
structures consist of beams, frames, fuselage keelson, tubes, etc. with either
discrete stiffening or sandwich stiffening, utilizing graphite-epoxy, Kevlar-
epoxy, and/or other fibrous composite combinations. Plans for drop-impact
tests of full-scale composite-material fuselage sections with skin, frame,
subfloor, seat and seat-restraint systems are noted. An associated program
of structural response predictions aud comparisons with measurements is
expected to validate and upgrade those prediction capabilities. These research
efforts are intended to expand the data base for improving the crashworthy
design of composite-material aircraft structures and to improve dynamic
structural response predictions and analytical/design tools.

Some recommendations for further work are offered.

- vii
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INTRODUCTTION

CaSCAPE S

1.1 Study Objectives

Innovative design and the use of a variety of structural and supplementary
materials have been undergoing continuous development for decades in order to
enhance the survivability of occupants of various types of civilian and
military vehicles when subjected to severe loads encountered in crash, impact,
blast, and other dangerous conditions. Many governmental agencies and
industrial organizations have sponsored and/or conducted studies designed
to improve the state of knowledge concerning the transient response and damage
suffered by both the vehicle structure and the occupants under these severe
loading conditions. This, in turn, has led to the development and use of
crashworthy design procedures and/or requirements for certain classes of
vehicles: aircraft, automotive, rail, etc. Some of the material utilization
and design concepts developed are applicable to a variety of vehicles, but
many others are tailored to the specific type of vehicle involved. The
basic physics of crash and impact phenomena in the (low) impact velocity
regime of interest in these situations are common to all of these various
vehicles.

With the accelerating use of advanced composite materials in military,
commercial, and general aviation aircraft as well as in the automotive
industry, there is an increasing need to develop a better understanding of
the behavior of composite-material structures under crash and impact
conditions which are representative of aircraft (and automotive) crash
situations.

While much work has been done both experimentally and theoretically
on the severe transient structural responses of conventional built-up
metallic aircraft structures (which absorb a considerable amount of energy
as they deform and fold), much less information and experience have accrued
on the behavior of advanced composite aircraft structures under these
postulated severe environmental conditions. Hence, it is timely to review
and assess this overall problem to summarize the state of knowledge (both
theoretical and experimental) for these two generic types of aircraft
structures, with the principal objective being to identify the kev un-
resolved problems which must be addressed to improve our understanding of
the crash dynamics of aircraft structures which utilize a significant amount

structural responses.

) Recently the Federal Aviation Administration Technical Center prepared
a comprehensive report and plan of research on aircraft crashworthiness
applicable to both built-up metallic and coumposite-material aircraft [1}*.

° Included in that research plan were essentiallyv four categories of crash-

. * Numbers in square brackets [] denote reterences given in the reference list
. at the end of the text of this report.
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1.2 Overall Research Approach

worthiness problems:

a. Airframes

b. Cabin Safetv: Seat/Restraint Svstems and Interior Furnishings d
¢. Fuel Svystem Protection

d. Fmergency Evacuation Svstens

The study carried out and documented in the present report does not address
items ¢ and d at all; it pertains principally to item a with some discussion .

of item b. .
]

Tn 1981, Thomson and Caiafa [2] wrote an excellent « =marv of past, .
present and planned research on aircraft crashworthinese ..e reader is :

urged to consult Ref. 2 for a clear, concise and comprel sive discussion
of the highlights of aircraft crashworthiness work.

In 1979, Cronkhite, Haas, Berrv, and Winter of Bel: "icopter Textron '?
under sponsorship by the U.S. Army Research and Technolc - .boratories :
(AVRADCOM) reported a study [3] of the crash-impact characieristics of

advanced airframe structures. Reviewed in that report are many details

on both experiments and prediction methods for investigating the behavior

of basic structural components and/or structural assemblages under severe y
deformation conditions (static and/or dynamic). That study included both '1
built-up metallic and advanced-composite-material structures. The crash- i
worthiness state of the art reported then largely prevails today, but with

some updates which have occurred in the intervening peried. Also, the

research recommendations set forth in Ref. 3 remain pertinent at this time. "

The present report seeks to summarize the crashworthiness state of the
art today but in a more specialized and less comprehensive fashion than
given in Refs. 1, 2, and 3. N

The present state-of-the-art review of crashworthiness was carried out
by conducting a literature search and study, and by visiting (because of
time and fund constraints) only a few of the manv organizations experienced
in relevant work. These steps are described brieflv in the following two
subsections.

1.2.1 Literature Search

Since MIT Aerovelastic and Structures Research Laboratory personnel have 1
been involved actively for more than 25 vears, in both experimental work and
analyvsis method developments for various tvpes of simple and complex >
structures undergoing severe nonlinear transient response behavior, the
MIT-ASRL library and files contain many relevant reports and papers -- both
internally and externally generated. These were reviewed. In addition,
the MIT libraries contain many pertinent books, journals, proceeding, etc.
~-- covering manv vears and including the most recent editions; a catalog
search was made and documents were obtained for studv.

PP §

b
In the early stages of this studv, FAA Technical Center personnel gave 1
and/or loaned pertinent reports to the MIT=ASRL personnel. Also, the U.S.

o
-
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Army Research and Technology Laboratories sent us some deouments trom their
extensive past work on aircraft crashworthiness.

At MIT we conducted a NASIC librarv search tfor documents on crash research
and c¢rashworthiness for aircraft and automobites, crash simulation, crash
models, and composite materiauls. Abstracts of some 710 publications were
printed out and checked to identifv usetul documents. Among those documents
considered to be pertinent and useful in the present review, about one-half
had alreadv been seen and studied. We sought to obtain the remainder for
study.

In studying the various documents retrieved, additional interesting
references were noted. As many of these as feasible were sought and/or

obtained for study.

In addition, telephone discussions were held with various individuals
working on crashworhiness (NASA-Langley, AVRADCOM, Bell Helicopter Textron,...).

1.2.2 Facility Visits

Advice, guidance, and crashworthiness information from FAA Technical
Center personnel were sought and obtained during two visits to the FAA
Technical Center —— on Sept. 4, 1981 and again on April 16, 1982. Discussions
were held principally with R. Garcia, D. Nesterok, and €. Nuckolls.

On Jan. 27, 1982 we visited the Structural Mechanics Branch of the NASA
Langley Research Center to become more familiar with che very extensive
crashworthiness work already conduct~d so ably at that facility and of planned
future crashworthiness related work. Various structures and impact
test facilities at NASA-Langley were visited. NASA-Langley personnel
gave us a stack of pertinent documents for study, and generously shared
their experience and views on crash response matters pertaining to both
built-up metallic aircraft structures and composite-material structures.
Effective design concepts for cabin floors/substructure as well as seats/
restraints were discussed and illustrated with example hardware. The paucity
of crash response experimental data for many structural components and/or
assemblies composed of composite material was noted. Many unanswered
questions remain. NASA-Langley personnel involved in parts of these
discussions included:

M. Card R. Hayduk H. McComb R. Thomson
H. Carden J. Housner J.H. Starnes

During these discussions, it was noted that various design features tound

to be effective in enhancing crash survivability have been identified in the
NASA-Langley studies, and certain aircraft operators or manufacturers have
adapted these features to improve crash survivabilityv of specific general
aviation aircraft which emplov "conventional construction."

On Jan. 28, 1982, we met with R. Burrows, G.T. Galow, and T. Mazza at
the U.S. Army Research and Technology Laboratories (AVRADCOM), Ft. Eustis,
Virginia. The extensive work alreadv carried out bv AVRADCOM and its principal
contractors was reviewed. Crew or occupant survivability in helicopter
crashes has been a primary concern. Crash alleviation features included in
the landing gear svstem, the fuselage subtfloor, and stroking seats have
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enhanced crash survivability. The upcoming construction and impact testing
of full-scale composite-material fuselages are expected to provide better
insight into the crash responses of these advanced types of structures. The
Advanced Composite Aircraft Program of AVRADCOM is expected to include

crash response assessments as an important aspect. Experience to date
indicates that fiberglass composite "covers" offer better abrasion
resistance than do Kevlar or G/E "covers." The use of Kevlar in sandwich
tyvpe construction is effective where crash survivabilitv and alleviation

are desired. AVRADCOM persovnnel provided a number ot reports on their and
sponsored crash response work for subsequent studv.

On March 23, 1982, a visit was made to the Air Force Materials
Laboratorv and to the Aeronautical Systems Division, Wright-Patterson AFRB,
Ohio. Discussions were held with Dr. S.W. Tsai and Dr. R.Y. Lim (of the
University of Davton Research Institute) at the AFML, and with J. Lincoln
and W. Dunn at the ASD.

Drs. Tsai and Lim discussed experimental studies of failure mechanisms
tor various types of laminated composites and exhibited manv specimens which
illustrated these failure modes. Fatigue and creep studies for simple
composite structures were reviewed, some onguing experiments were demonstrated,
and related papers and reports were provided.

Mr. Lincoln and Mr. Dunn outlined the current Air Force crash loads
requirements and described recent studies of survivable accidents. Air
Force emphasis is on flight safety practices, minimization of landing/takeoff
crash effects by terrain smoothing adjacent to runways, wing root integrity,
and the use of self-sealing fuel tanks, foams, and fire extinguishers.

1.3 Structurs! Crash Response Overview

Interest in understanding and alleviating the effects on vehicle
occupants of crashes has been active for many years. The work of DeHaven
reported in 1944 [4] was pioneering, identified key items that contributed
to injuries in aircraft crashes, and offered guidelines for improving the
crashworthiness of light aircraft. Subsequently, these guidelines were
applied in the design of specialized light aircraft. Since then, many
organizations (NACA, U.S. Army, FAA, NASA,...) have conducted and/or
sponsored a succession of studies to develop the state of knowledge
concerning vehicle crash response for a wide variety of civilian and military
aircraft, and such work is being pursued vigorously at the present time.

Similarly, the automotive industry and cognizant federal agencies
such as the National Highway Traffic Safety Administration have been
carrying out detailed studies of crash response for a variety of vehicles
and components since about the mid 1960's.

Common to both aircraft and automotive vehicle crash response have
been considerations of survivable environmental conditions, human tolerance
acceleration-time-direction levels, load-limiting concepts, intrusion
limitations, structural component crashworthy design and integration, and
fire prevention measurves, including tuel containment., 1In the following,
however, discussion will be limited to structural response behavior --
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under "survivable" conditions -- the other cited topics are bevond the
scope of the present studv.

To assist in identifyinyg the principal structural response and failure
behavior under crash conditions, full-scale crash tests [5,6] were conducted
by the FA\A on a DC-7 and a Lockheed 1L-1649 aircraft in 1964 at the Flight
Safety Foundation facility in Phoenix, Arizona. Later in the 1972-1980
time period, various types of full-scale light aircraft, a CH-47 helicopter,
and aircraft fuselage sections were crash tested at the Impact Dynamics
Research Facility of the NASA Langley Research Center [7,8,9,10]. Accelera-
tion, strain, and photographic instrumentation (interior and exterior) as
well as post-morten studies provided transient response, failure, and post-
failure data; data from instrumented dummies provided "transmitted
acceleration-time" information. In some cases the vehicles were caused to
impact upon concrete surfaces at appropriate combinations of impact incidence
angle and impact velocity. In other cases, impact against a packed dirt
surface to simulate conditions in a plowed field was emploved. These tests
permitted observing,under many realistic but contreolled conditions,
representative types of transient and failure response, but various secondary
effects such as aircraft overturning, cartwheeling, or tree and obstacle
impact were not covered in these studies [11].

Since the late 1950's [3], the U.S. Army has been carrying out an
effective and comprehensive study of crash behavior of Army aircraft,
accident data, and concepts to improve crashworthiness, Highly important
crashworthiness developments were made, and this work resulted in the Crash
Survival Design Guide [12] which subsequently has been revised and updated
[13-17]. Those guidelines are used by aircraft designers to meet criteria
spelled out in MIL-STD-1290(AV) for Light Fixed-and-Rotary-Wing Aircraft
Crashworthiness [18|. This has resulted in a verv substantial improvement
in aircraft crashworthiness performance and occupant survival in the field.
This development program included an extensive Army Flight Safety and Heli-
copter Crash Testing Program {19] and a program of laboratory tests.

Similarly, under the auspices of the National Highway Traffic Safety
Administration various organizations have conducted a wide variety of
crash tests on many different types of vehicles and structures. Extensive
photographic and other instrumentation provided data to identify the
principal types and sequences of structural failure and crush-up present
in each of many vehicle/structural systems. This led to innovative designs
for load-limiting and appropriate energy management histories to enhance
occupant survival. All of this work has been supplemented by lahoratory
tests of structural components and assemblages under static and (sometimes)
dynamic conditions. Many of the automotive manufacturers have conducted
similar very extensive research the results of which are reported in part
in the open literature.

The aircraft and automotive crash/impact experiments have involved
structures which can be characterized conveniently in two categories:
(1) built-up metallic structures (assemblages) and (2) composite-material
(non-metallic) structural components and/or assemblages; of course,
combinations of these two types of structures are common in manv of todav's
vehicles. Built-up metallic structures "fail" tvpically in some mode of
buckling and then can undergo a considerable amount of detformation and strain
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(and enerygy absorption) before local structural rupture vccurs. UOn the

other hand composite-material structures mav "fail" initially in many
different possible modes, but typically undergo a relatively small amount of
straining before structural rupture occurs. Thus, composite-material

structures often behave in a "relatively brittle" fashion and soak up
energy rather poorly; however, innovative structural concepts and material
combinations can be effective [2,3] in absorbing crash/impact energy and
alleviating the attendant transient response etfects.

A 1.4 Report Organization

Section 2 is devoted to a concise description of the status of aircraft
crash research in three categories: (a) helicopters, (b) general aviation
aircraft, and () transport aircraft. Work in category 'a" has been ‘
carried out largely by USAVRADCOM and its contractors while the FAA and

"on

NASA have conducted studies in categories "b" and "c¢" together with their
contractors.

Recent studies on the behavior of composite materials and structures
under static and impact conditions are reviewed in Section 3.

YT T 7Y YLYvor

In addition to extensive experimental static and dynamic nonlinear
structural impact-crash response studies,both in the laboratory and in the
field, a considerable effort has been made to develop theoretical methods
for predicting nonlinear crash-impact structural responses of both conventional
metallic and composite-material structures. These prediction methods
often are designed to focus on certain subsystems of the overall system.

In some cases a part of the overall system is modeled crudely while the
particular (connected) subsystem of particular interest is modeled with a
relatively high degree of fidelity. Since vehicles of interest consist

of many different structural arrangements and configurations each of which
requires specific and appropriate modeling, it is feasible here to review
only the two basic types of modeling and analysis employed: (a) simplified
lumped-parameter and hybrid modeling and (b) more refined finite-element
and hybrid modeling. These matters are discussed in Section 4 for both
complex built-up metallic structures and for composite-material structures.

Crash-response research which is needed, as perceived by various
organizations and individuals in both governmental agencies and industry,
is discussed in Section 5. Noted are the general goals of crash response
research as well as several current and planned crash response research
investigations pertinent to helicopters, general aviation aircraft, and
transports as well as to basic airframe structures. Some suggestions for
additional research are offered.

A AL e w0 L L e RN 08 MG t. fu. v M W . o 2 a s _A . s s .
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Finally, a summary of the present review study and some resulting
conclusions concerning the current and planned programs of crash response
research are given in Section 6.
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SECTION 2

STATUS OF ATIRCRAFT CRASH RESPONSE RESEARCH

Authoritative and comprehensive but concise reports on the status of
aircraft crash and crash-response research have dppeared in the past few
vears. This work pertains to helicopters, general aviation aircraft, and
transport aircraft. The earlier phases of those studies dealt with vehicles
of conveniional built-up metallic construction, but in the past decade
emphasis has focused upon aircraft structures and structural concepts
employing advanced composite materials which promise greater structural
efficiency and durability with lower costs. Also sought for composite-
material aircraft is "a degree of crashworthiness at least equal to its
replaced huilt-up metal counterpart'.

Crash-response characteristics of airframe structures of both metallic
and advanced composite construction with emphasis on helicopter applications
have been described in an excellent comprehensive paper by Cronkhite, Haas,
Winter, Cairo, and Singley [20]; this was followed by a mcre detailed report
by Cronkhite, Haas, Berry, and Winter [3]. Extensive laboratory and field
experiments, analysis method developments, and design concept studies are
reported; this pioneering work was supported by the U.S. Army Research and
Technology Laboratories (and its predecessors).

Studies by NASA and the FAA on the crash response behavior of general
aviation aircraft have been summarized in a clear comprehensive fashion by
Thomson and Goetz [11] and by Thomson and Caiafa [2]. Laboratory tests,
full-scale crash tests, and analvsis method developments are reviewed.

Thomson and Caiafa [2] also discuss past and current studies of transport
aircraft crash behavior as well as planned future research in this area,
including transport aircraft structures composed of advanced composite material.
Muny aspects of transport aircraft crash response and crash effects are
reviewed. Here also laboratory tests of structural elements and assemblages,
under both static and crash-impact dynamic conditions as well as a full-
scale field crash test of a fully-instrumented B-720 transport aircraft, are
being employed to develop a fuller understanding of aircraft crash response
and to lead to improved aircraft crashworthiness and occupant survival.

Wittlin [21] has summarized an extensive series of past crash-response
studies and transient response analysis developments pertaining to helicopters
and light fixed-wing aircraft. He alse has summarized current studies being
conducted for the FAA and NASA on transport crash response problems by
Lockheed, Boeing, and Douglas; this comprises an early phase of a comprehensive
transport crash response research effort planned by the FAA and NASA. These
studies strive to identify categories of potentiallv-survivable crash
conditions and the principal structural and systems aspects which influence
occupant response and survival. Wittlin demonstrates the role and effectiveness
of a lumped-parameter simulation model for analvzing the crash responses of
helicopters, light aircraft, and transport aircraft.

Since the state of knowledge on aircratt crash response as described
in Refs. 2, 3, 11, 20, and 2! is essentiallv as it exists todav, and those

s
AT L .
4 4 oa e

2. A_a mmmm

?
|



b
3
L
b
*®
’.
8
'

L
»

»

:
S

AR e e e R e A L A A S S S i St Sl S Salh SR S "8 B |
Ll

descriptions are all written in a concise and lucid but comprehensive

fashion, the present authors believe that a redescription and paraphrasing

of the contents of those papers would not be nearly as useful to the reader
as these complete papers themselves. Also, it is felt that a '"redescription
and translation" of those papers would result in the omission of key insights,
crash response experience, and other useful background data which enriches
one's appreciation of aircraft crashworthiness problems. Therefore,
permission has been requested to reproduce those papers in full in this

report for the reader's convenience.

Accordingly, the paper by Cronkhite et.al. [20] with emphasis on
helicopters is reproduced in Subsection 2.1; that by Thomson and Goetz
[11] on general aviation aircraft is reproduced in Subsection 2.2; and
those by Thomson and Caiafa [2] and Wittlin [21] which include discussions
of current and planned transport crash response research are reproduced
in Subsection 2.3.
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2.1 Helicopters

The kind permission of the American Helicopter Society for the repro-
duction of the following paper presented originally at the 34th Annual National
Forum of the American Helicopter Society, Washington, D.C. in 1978 and
subsequently in the October 1981 issue of the Journal of the American Heli-
copter Society is acknowledged most gratefullvy.

Investigation of the Crash Impact Characteristics
of Composite Airframe Structures

J. D. Cronkhite, 7. 7. Haas
Bell Helicopter Textron

R, Winter, R, R. Cairo
Grumman Aerospace Corporation

G. T. Singlev, III, USAAVRADCOM

PRESENTED AT THE 34th ANNUAL NATIONAL FORUM
OF THE
AMERICAN HELICOPTER SOCIETY
WASHINGTON, D.C.
MAY 1978
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Investigation of the Crash Impact Characteristics
of Composite Airframe Structures

J. D. Cronkhite, T. J. Haas
Bell Helicopter Textron

R, Winter,

R. R. Cairo

Grummar. Aerospace Corporation

G. T. Singley, III
USAAVRADCOM

Abstract

The results of a joint Bell/Grumman
contracted effort with the Army are dis-
cussed. The effort was directed toward the
investigation of the crash impact charac-
teristics of advanced troop transport heli-
copter airframe structures constructed of
composite materials. Currently available
information was surveyed on the crash impact
behavior of composite materials, analytical
tools for design of crashworthy airframe
structures and airframe structure crash-
worthiness design criteria., Information on
the crash impact behavior of composite
materials was found to be limited. An
automotive study showed that by innovative
design, composite materials could function
efficiently as energy absorbers to reduce
crash impact loads. Other pertinent
studies were found that are currently in
progress at Bell Helicopter Textron, the
NASA lLangley Research Center and the U, §.
Army's Research and Technology Laboratories
and are summarized. Finally, effects of
composite materials on the compliance of
airframe structures with current Army
crashworthiness requirements are discussed.

Introduction

In recent years, composite materials
such as graphite, fiberglass, boron and
Kevlar have been used more extensively in
the design of aircraft components, both
structural and nonstructural., It is reason-
able to assume that the helicopter industry
will have large numbers of production air-
craft with major structural components,
such as the fuselage, wings, empennage,
blades or landing gear, constructed of
composite materials in the near future.
Entire composite airframes have already
been produced for general aviation type
aircraft. 1t will therefore benefit the
induatry to have an understanding of the
behavior of composite materials in a crash
environment before large numbers of pro-
duction aircraft are in the field.

Presented at the 34th Annual National Forum
of the American Helicopter Society, May
1978.

T™wo fundamental guidelines to cons:der
when designing the airframe structure for
crash impact are first, that a protect:ve
shell be maintained around the occupie?d
area and second, that the structure be
crushable and absorb energy, thus reduc:inc
deceleration forces on the occupants ané
large masses. These and other crashworthy
design considerations are summarizec ir
Figure 1. When considering the application
of composites to a crashworthy airframe
structure, it is known that these materials
generally exhibit a low strain-to-fa.lure
characteristic behavior compared to metals.
Ductile metals such as 2024 aluminum can
tolerate rather large strains, deform
plastically, and absorb considerable enerogy
without fracture or separation. Because of
this characteristic of composites, energy
absorption will probably not come throuch
an inherent stress-strain behavior as it
can with metals, but rather through inncva-
tive design configurations., These config-
urations will provide for energy absorpt:or
and force attenuation by other means: for
example, the protective structural shell
can be surrounded by a crushable material
such as foam, honeycomb or a crushable
composite concept.

Extensive crashworthiness studies for
metal aircraft structures have been con-
ducted in the past. For example, early in
1960 the U, S. Army Transportation Commang
(now USAAVRADCOM) initiated a long-range
program to study aspects of crashworthiness
which culminated in the issuance of a crash
survival design guide and the associated
military standard (References 1 and 2).
Research into the crashworthiness anc energy
absorption aspects of aircraft structures
was initiated in the mid 1960's with studies
conducted at General Dynamics-Convair and
Dynamic Science making prime contributions
to the understanding and analysis of the
energy absorption characteristics of air-
frame structures (References 3, 4 and S!).

In order to place this investigation
in the proper time perspective, it should
be noted that the lag between the initia-
tion of research into airframe impac:
energy absorption and its incorporation
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= RETENTIUN Ok TRANSYISSION, bhW.invel,
LANT INC GEAR AN £0°T¢

NANCE OF A PROTECTIVE SHELL

THL OCCUPIED AREA

- ENERGY ABSORBINC STRUCTURL TO
REDLCE CRASH LOADS CN OCTUFANTS
AnI LARSE VAZSES

- CONTROL OF FAILURE MODES SO AS NOT
TC CAUSE FUSELAGE FLOWING OR OCCU-
PANT STRIKE HAZARDS

Figure 1. Helicopter fuselage crash-
worthiness design considera-
tions.

into a design, such as the UTTAS, has been
or. the order of € - 10 vears. Therefore,
this :nvestigat:ion represerts the initial
effcrt toward designing a crashworthy
composite airframe structure in the mid
196u's,

Trne oujectives of this invest:igation
are the following:

i. Survey the literature and deter-
mine the existing data base on
the crash impact behavior of
composite materials.

2. Review current analytical methods
usad for the design of crashworthy
airframe structures and assess
thear suatability for analysis of
composite structures.

3. Review current crashworthiness
design criteria for military and
commercial utility helicopter
airframe structures to determine
its application to a composite
airframe structure,

Behavior of Composite Mater,als

Literature Survey

The first step 1n this part of the
1nvestigation was to survey existing
literature on the behavior of composize
materials 1n a crash environment, Tre
data bases used ir. the survey were:

1. The Nat:onal Technical Inforrma=.c:
Service (NTIS)

2. The Defense Documentatior Certer
(ODC!

3. The Engineering Index (Compendex:
4. TORBIT (SDC)
5. “DIALOG" {Lockheed)

A flow diagram of the literature
search methodology used to retrieve infor-
mation from data bases and other sources
is shown in Figure 2. To access a data
base, NTIS for example, blocks of keywords
are formec and input to the system so
that all information pertinent to the
particular topic in question can be
retrieved. Keywcrd blocks are then com-
bined to further focus the search on the
subject being surveyed. The number of
references found under keyword blocks and
various combinations of keywords is pre-
sented in Figure 3. Combinations of
keywords and a summary of the literature
found under each combination are discussed
in the followarg paragraphs,

INTERASTIVE COMPUTER SCAN OF REVIEe OF PERS: A Tl.E:,

DATA BASES REPORTS . JOURNAZE  PAIEH-
—_——
| CHOCSE KEY WORDE PRAIMAR | STAN §
« WORD COMBINATIONS DOCUMENTE sowr. |
o RANT | FAFCRS
SCAM TITLES AND
ADSTRACTS SELLCT '
cROsS-

FERENTL !
DOCUSMENTS

SLLECT DOCUMENTS
OF INTERLEY

RETRIE.L
DOCUALN TS
tARLTRITVE DOCIMENTS

CRITICAL RIVIEW
Of FINAL DOCUMENT SIY

PUBLISMEL RIVIEWS
FINAL EVALUATION

Figure 2. laterature survey methodology.
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KEYWSRDS COMBINATIONS
COMPOSITES

COMPOSIT 125246)
COMPOSITES
- FIBERGLASS
GRAPHITE
KEVLAR

- BORON (121«

CRASHWORTHINESS  f155: e CRASHWORTHINESS
- cRASH 1 COMPOSITES

- CRASHES
- CRASHWCORTHINESS

132,

ENERGY ABSORPTION
ENERGY AESORPTION

- ENERGY ABSORPTION [(716} 6

- ENERGY ABSORBER iy COMPOSITES
- ENERGY ABSCRBERS

- ENERGY ATTENUATION (732

ENERGY ATTENUATOR

'ImPACT k:su:‘

IMPACT
o

COMPOSITES

COMPRESS ION (88¢°
COMPRESSION

- COMPRESSION [|112540° 6
- COMPRESSIVE COMPOSITES
STABILITY (134)

T 4 TON
- STABILITY &
- INSTABILITY FQ1119J STABILITY
- BUCKLING

- CRIPPLING
- POST-BUCKLING
- POST BUCKLING

1
COMPOSITES

¢ NUMBERS IN PARENTHESES INDICATE NC. NF
AVAILABLE REFERTNCES

Figure 3, Literature survey results from
combinations of keywords.

Crashworthiness/Conposite Materials
Twelve documents were located under the com-
bination of the two keyword subjects “"crash-
worthiness"” and “"composite materials™., A
visual examinataion of the 12 documents did
not disclose any published reports speci-
fically on the application of composite
materials to an airframe structure for a
crash environment.

Two of the documents reported on
molded chopped fiberglass comporents that
were fabricated and tested for use as a
highway median barrier and as an instru-
ment panel glare shield (References 6 and
7). The tests of the highway barrier con-
cluded that it would prevent vehicles from
penetrating or crossing the median while
also minimizing their rebound and lowering
their deceleration rates below 6g, The
tests of the glare shield showed i1t reduced
decelerations from 300g to 60g; however,
its failure produced sharp edges which
could cause a head injury.

There are twl reports abost autcrct ies
that were fabricatec i1rn whoie or cart us:ing
fioerglass constructior and teste:s .- a ’
crash environment (References 8 arcé ¢
The automobile testec by the Buy3l C oy
was a 1974 P.rnto two-door sedar wh.cr was
mod:.fied by repliacinc the fror: ferders and
lower longitucinal frames w.tn f:pe
polyurethane fcam sandwich pane.s &
The panels ancd tubes were i1ntended
attenuate the crash forces wh.cr ¢
<

during a front-end collison (F
series of static anéd 3dyvnaric
conducted on the tubular anc

automob:le to va..Jdate the cc
the automoblile was tested by .~pac:i:r
barrier at 50 mph, the tubes and pare.s
attenuated the crash forces unt.. a rrera-
ture failure occurreé ir a tube
off-axis loading. This 1llustrates the
potential problem with directioné. ererg:
absorbers that off-axis Joads -2~ rec.l: in
failure of the device and mare .1 ireffec-
tive.

S0 “be BaRFIFE CRAS. =18

. “
5 o

(L

INCP™y ABSCARINT mrpoow = eI

Figure 4. Crash test of compcs:te front
end automobale.
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The conclusion of the Budé Company
was that the fiberglass reinforced plastic
sandwiCh structure was superior to the
solid laminate structures tested by others
for energy absorption. They also concluded
that a compos:ite structure could be formu-
lated which would be satisfactory in a
crash environment 1f designed properly.

Several general aviation type aircraft
have used composite construction, but refer-
enceable documents or the accident and
crash experience with these aircraft coulcd
not be found in the literature or through
the FAA.

At least two helicopter composite
fuselage design studies have beern con-
ducted in which crashworthiness was
addressed. These were the preliminary
design studies of medium utility trans-
port (MUT) helicopters conducted for the
Army by Boeing-Vertol and Sikorsky
{References 10 and 1ll). Although crash-
worthiness was addressed, the primary
emphasis was placed on optimizing basic
design ccncepts, cost, weight and procduci-
bility.

Energy Absorption/Composite Materials
with the exception of the ar-umobile tests,
the use of composite materials as enercy
absorbers or attenuators has been limited
to low velocity impact applications such
as bumpers (References 12, 13 and 14).
There has been wcrk on improving the energy
absorption characteristics of composite
materials at the micro or local structural
level, but no ccrrelaticrn has been drawn
between this research and 1ts appl:ication
in a crash erv:ironment.

Impact/Composite Materaals There has
been a great ceal of research in the area
of impact strength of composite materials
but this research has been mainly directed
toward local impacts produced by tool drops.,
foreign objects, missiles and particles,
Although damage due to a local impact can
compromise the compressive failure mode of
a structure, the technigues used in deter-
mining this damage are not applicable to
a crash impact involving gross structural
deformations.

Compress:orn Fa:lure Mode/Composite
Materials During a crash, the compression
failure modes of the structure influence the
energy absorptior and crash impact behavior
of the design. The work that has been done
on metal structures has sought to predict
and improve the post-buckling characteris-
tics of the airframe structure, thereby
increasing the energy absorbed during a
crash (Reference 15:.
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The results of some tests corducted
by General Dynam.cs-{onvair tc meascre -re
load deflect.on characteristics of wvaric.s
aluminum plate~-stringer panel configuraticrs

are showr 1in Figure 5. Note that tne lcaz
deflection behavicr of the integrally
stiffened panel :1s poor in compa::sc% tc
the rolled stringer secticns because the
failure mode was an explosive fracture.
Also note that the load at initial fa:.iure
was higher:; this translates to h.zner
inertia forces transmitted to the occ.z
and to the large mass items cdur:nc @ cra
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Figure 5. Load-deflection curves for 3
various aluminum sheet/ ‘
stringer panels. ]

In contrast to the work done on k

metallic structures, the research on the

compression failure modes of composite

materials has been concerned with pre-

dicting the static allowable load of a i
structural element. Some test results of

typical research on compression failure :
modes are shown in Figure 6. The research-
ers were primarily interested in the post-

buckling characteristics of these spec.mens ]
and increasing the static allowable loaé f
ancd not the total load-deflection or energy

absorbing characteristics of the structures,
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Topics for Further Investigation

Static and fatigue behavior, analytical
techniques, environmental effects, manu-
facturing, processing, and nondestructive
evaluazion techragues have rece:ved suffi-
cient attention tc support the application
of composites in helicopter advanced struc-
tures. However, the survey revealed several
topics which will require considerabl
attention befcre reliable, lightweicght,
crashworthy, advanced composite hel:copter
structures can be designecd. For purposes
of this discussion, these topics can be
summar::z¢d under two major categories:
support.ve data necessary for analytical
diction anéd supportive data for
zle desigr.

The data necessary to support analvti-
cal crash prediction should include topics
such as structural evaluation, materaal
characterization, and failure analysis.
The crash environment also needs to be
better defined in terms of =<ructural
attitude, expected strain rates, and the
tame seguence of events. This will help
establish the criteria for the analytical
simulation and specific material charac-
terization. To £fill the gaps 1in the
current data base, characterization of
the materials should be performed at the
expected strain rates for crash impact
and should be in terms of the energy
absorption capabilities of laminates and
cores. This characterization should also
include the post-buckling behavior of the
laminated cor.osite structures, The area
of failure analysis needs additional
attention because of the complex failure
modes of laminated structures for crash
impact loading. Tris complexity results
not only because of the heterogeneous,
anisotropic nature of these materials, but
also because of complications which also
affect the static performance of the struc-

T —w 7 T T e W WS N W T e

ture such as manufactur:ing defects, cuve
cycle variatiorn, lamina Stacring seguerce
and part geometry. Fracture and fail.re
predictior. technigues neecd tc be revise:d
to correlate with observed failure modes.

The supportive data necessary for
vehicle design development shoulé include
tCcpics such as the crash impact resgonse
of structural configurations and materials,
the survey of crashed advancec corpos:te
field components and the assessment of <he
crash 1mpact response comparel to currert
metal helicopter structures. The cras-
impact respcnse of the carc:date strulto
components has to be obtained throuch es
or analysis before their effect on the cver-
all vehicle response can be assessec.
Particular emphasis should be placed or tne
crashing beravior of the structural elc-
ments and the fracture and fragmentatior
behavior which is peculiar to compos:tes.

This investigation was concernec w.:t’
the structural aspects of crashworthiness,
but the subject of flammabilaity ané the
hazards associated with the thermal decc~-
position of polymeric composites Jurinc :
post-crash fire should receive further
attention. Ir particular, what 1s needed
1s a study of the noxious gas anc smoxe
evolution during the polymer therra. decor-
positior.. Emphasis should be placed on the
variables which affect decompos:tion ané the
determination of the human tolerance levels
to the by-products.

Another side 1ssue wh.ch may affect the
response of a composite material siruc:ure
1n a crash envaironment 1§ that of serv.ce
life degradation. Since the staci:C proper-
ties of composite structures car be affected
by factors such as low energy impacts
{e.g., dropped tools, landing site stores)
and moisture absorption or desorpticn, it
1s logicali to expect the crash .mpace
properties may also be similarly affected.

Review of Analytical Methods

The recent interest in vehicle crash-
worthiness has motivated the development
of a number of mathematical crash s:mulaticn
computer programs. These saimulazions ca-
provide a means of evaluatinc the effe
ness of vehicle structures in satisfy
a set of crashworthiness criteria, such as
the Army's MIL-STD-1290 (Reference 2., A=
their best, such computer programs car be
used as a tool in the design process .n
which crashworthiness is a new structural
requirement in addition to those wh.ch ail-
ready exist for static strength, fatigue
registance, dynamic response, an¢ (battle’
damage tolerance.
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As part of this stucdy, an investiga-
tion was made to determine the usefulness
of currently available plastic, large
deformation structural crash simulations;
especially those which can be applied to
airframe structures of composite materials.
This investigation was aided substantially
by previous surveys of the crash simulation
literature, particularly those done by
Saczalski (Reference 16), Mclvor, et al
(Reference 17) and Kamat (Reference 18).

Use can be made of a mathematical
crash simulation during the design process
as shown in Figure 7. The key elements in
this process are a set of design criteria
and a valid crash simulation method., 1In-
puts of structural behavior, which take the
form of stress-strain curves or component
crush test data, are used to predict the
structure's dynamic response. The crash-
worthiness of the design can then be evalu-
ated against the criteria to determine if
it 1s satisfactory or if a redeisgn is
necessary. During this process, some simu-
lations require the assumption of internal
crush modes while others are used to pre-
dict them. It should be noted that experi-
mental crash simulations can also be used,
but because of cost factors, are probably
best used for validating the final design
as determined by the analytical methods.

CRASHNORTEINESS

——i

| DEVELGE MATLAIAL

PRCPIRTIES, oo e ]
| STRUCTURE TESTS

G=LOADS, DEFCRMATION
AND FAILURL MODES, |
COMBINEL LOADS !

STAAIN RATES

i
'
'
!
)
|

ASSUMED
LOACING
ACCEPTABLE

< |

Figure 7. Computer crash simulation in
vehicle design process.

NO—
{ RECESIGN STRUCTLRE™S,
R i

] I3 i
s NQRLVISE CPITERIA
EVALUATE
CAASHWCRTHINESE,

The mair characteristics used for
evaluating the funct:onality of the mathe-
matical crash si:mulations were:

evel

I

- Capaz:l:it

-

- Structura. Model
- Mathematical Type
- Converience Features

Other features which were of secondary
importance ir this investigatiorn were:

the mass model, the terrain and barr:er
model, the external loads, and the numer:-
cal solution procedure.

For this study three broad categor.es
of capability level were established, alo-nc
with potential uses during design. They
are as.follows:

Simple Capability These simulaz:ors
can be used to evaluate gross responses anc
design trends, They feature:

l. Large structural assembl.ies
modeled as single crush elemer<s

2. Up to 10 masses, 50 degrecs-cf¢-
freedom (unknowns in motior
eqguations)

3. One or two dimensional geometry
and motions

Intermediate Capability These simula-
tions can be used for studies of structura.
design parameters and energy dissipat.ior
in subassemblies. They feature:

l, Structural subassemblies modeled
separately, no sheet/skin panel
model

2. Up to 100 masses, 500 degrees of
freedom

3. Two or three dimensional geometry
and motions

Detailed Capability These simulatiors
can be used for predicting failure or
collapse modes, and redesigning individual
components. They feature:

1. Individual structural components
modeled separately, including
sheet/skin panels

2. More than 100 masses, 500 degrees
of freedom

3. Three dimensional geometry and
motions

18-51~-6
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Figure 8. Examples of mathematical
simulation capability levels.

Figure 8 shows specific examples of the
capability levels of three mathematical
crash simulations as applied to automobiles
and rotary-wing aircraft,

Numerous simple capability hybrid
simulations are available (References 19
through 24, for example). Of these, the
two most notable programs are those
authored by Herridge and Mitchell of
Battelle Columbus Labs and by Gatlin, et al,
of Dynamic Sciences, Inc. The work done
by Herridge and Mitchell was directed
toward automobile crash impacts, while
that done by Gatlin, et al, examined the
vertical impact of a helicopter fuselage.
This latter program (informally called
"CRASH") simulates the fuselage as rigid

masses connected by nonlirear ax.a. and
rotary sSprings in a precdetermined arrarce-
ment. Beth of these similaticns are twe
dimensional.

Of the :ntermecdiate capability ¢r
grams, the mos: advancecd, arg per-acs
most widely used, hybrid saimulation :is
"KRASH" by W:ttlin and Gamon of Lockheed
Califorrnia Co. (References 25 ané 2¢,.
"KRASH" ut:lizes a three-dimensicral
arbitrary framework of point masses connec-
ted by beams to simulate the fuselace
scructure. The remain:ing intermed.aze
capability programs use finite elerernt cor-

he

puter codes and irnclude: Shieh's worrn az
Calspan Corporation (Reference 27,, "CFASH'
by Young at Philco-Ford (References 2§& and
29) and "UMVCS" by Mclvor, et al, at the

University of Michican (Reference 30..
Shieh idealizes the structure as a two-
dimensional array of bearms with yield:inc
confined to the plastic hinges a: the:.r
ends, while "CRASH" and "UMVCE" use three
dimensional models of a framework of rods
and beams. "UMVCS" could also be consic-
ered a hybricd because it requires test
data input tc define the moment rotaz.cn
curves for the plastic hinges at the bear
ends.

The detailed crash simulations are
all three-cimensicnal finite elemernt cogdes
with the capability of modeling stringers,
beams, ané s<ructural surfaces such as
skins and bulkhead panels, The four codes
currently available are: "WHAM" by
Belytschko cf Northwestern Univers:ty
(Reference 31}, "WRECKER" by Welch, et al,
¢ Illainc:s lnstitute of Technology

<. ference 32), "ACTION" by Melosh, et al,
cf Virginia Polytechnic Institute of Tecr-
noiogy and State University (Reference 31!,
and "DYCAST" by Pifko, et al, of Grumman
Aerospace Corporation (References 34 ard
35). "WHAM" currently can be used tc
idealize a structure which contains only
isotropic material. It uses partly .nter-
active yielding, i.e., neglects the effect
of shear stresses on plasticity. "“WRECKEP”
contains the same formulations as "WwHAM" but
also has the added convenience features cf
graphics and restart, “ACTION" also has
partly 1nteractive yielding, anc 1t can be
used only with a structure constructel
with i1sotrop:c materials. Additionally,
"ACTION" also contains an anternally
varied time step with numerical errcor
controls. °“"DYCAST" can idealize a struc-
ture constructed of orthotropic material.
Its features include: fully interactive
yielding internally varied time steps
with error control, restart, and graphic
output.

A summary of the assessmert of these
specific crash sifmulations :s given in
Table 1. Note that the hybrid codes dc not
account for co.lapse or failure under com-
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Table I. Computer Crash Simulations
Assessment.

bined loads, because the crash data inputs
are derived from tests with a single load.
All of the finite element codes, with the
exception of Shieh's, can account for
multiple load components. The crush test
car. furnish the hybraid computer codes with
data to analyze orthotropic laminates and
core-sandwich panels, while only “"DYCAST",
of the finite element codes, can analyze
an orthotropic mater.al, ané none of the
evaluated finite element codes can
currently analyze a core sandwich,
"WRECKER" 1s the only one of these codes
which will account for stra:n rate effects
in a log:ical way by determining the local
strain rate and adjusting the stiffriesses.
All the hybrids can account for jcint faii-
ure and cripp.ing, because these effects
re part of the crush test data.

The major conclusions of this investi-
gatior. on computer crash simulations for
advanced material applications are:

1. That there is not a single
existing code that is satisfactory

2. That hybrid codes are theoreti~
cally incomplete.

3. That finite element codes currently

lack sufficient advanced material
capabllity.

The recommendation for current crash simula-

tions on advarced materials is to use

"KRASH" with applicatle crush test data for
the preliminary parametric studies and gross

evaluations. For a detail design, “DYCAST"
can be used for analyzing orthotropic
laminates. However, this code is still
under development and has not yet been
.experimentally verified. It is not cur-
rently possitle to perform an extensive
detailed design evaluation of a structure
with sandwich core construction. This
type of construction seems to hold promise
for i1ncreased energy dissipation with
advanced composites.

Research in Progress

During the survey cf the currert 3aza
base of informaticn or the crash irmpact
behavicr of composite structures, some
pertinent research in-progress was fcoun
that has not yet been documented or rmad
avai.ablie o the public. The three areac
cf{ researcn 1n-progress that wi.l be dis-
cussed are:

2. The Bell Helicopter test:ing of
energy absorbing cylinders,

2. The Army testing of stiffened
cylinders ancd helicopter fuselace
structure sections.

Airframe Crashworthy Design Concepts

A joint FAA and NASA research procrar
is in progress at lLangley Research Center
to develep valid, practical structural
design criteria and 1improve crashwCrininess
design technology. The total prograr .s
shown in Figure 9. NASA, under ¢the d:irec-
tion of R. Thomson, Crash Safety Prograr
Group Leader, is conducting full-scale
crash tests of light fixed wing aircraf:,
deveioping analytical techniques and eval-
uating crashworthy design concepts fcr
seats and airframe structures.

CCaASn Dr e NES

ENVIROMMNTA | AtmEday DESLON
L_HOmNGOE L MOARGOCT [ MEwRd.00
, ACTUIRE 4 ACCISS ARD APP Y i AT
ACTuA, (KASW CunninNT ANR T
DaTA ' TELHR GO0
IaTW T
¢ baonll [ o s
CUANTITATIVE | CwAg T80 T
CCkAS=DATA | —_— PP
} e\ I DEvE.OF AND vA 1%t
o DEINE (wASm 3 .
Ll , RN
AU RIS .
N ——
EvA ATt .

TONILWE AND [
!

1
|
‘1 bk, pA7E CONTEPTS

AL COERONT R —
Fom SUTURE DESIONS [GEEURALLILA

TECHNDLOGY

Figure 9. Joint FAA/NASA aviatior crash-
worthiness program,
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Figure 10. Energy abscrbing materials in
lower fuselage.

Bell Helicopter is currently under
contract with NASA to develop crashworthy
design concepts for the fuselage structure
of light aircraft. The primary emphas:is is
on concepts applied to future airframes
constructed of metal, but consideration is
also being given to concepts applicable tc
composite structures.

Energy absorbing concepts that can be
applied to the lower fuselage structure are
currently being designed and will be tested
later. Crushable material in the lower
fuselage is being designed to attenuate
crash forces, absorb energy and distribute
loads to the primary structural shell.
Typical examples are shown in Figure 10,
Concepts applicable tO composite structures
are shown in Figure 11.

- HONEYCOMB OR FOAM WITH
KEVLAR BELLY SKIN

- ENERGY ABSORBING COMPOSITE
CRUSHABLE TUBES

= FOAM ANT COMPOSITE LONGI~
TUDINAL TUBES

- KEVLAR/SEMI-RIGID FOAM/
FIBERGLASS BELLY PAN

LOLGITUD I LaL
TUBES + FCAn

A —
S g
pome=g
<=

Figure 11. Energy absorbing concegts
for composite fuselaqe

structures,
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Figure 12. Static crush tests of
composite tubes for various
anvil angles.

Composate Tube Energv Absorbsrs

when discussing composite fuselage

structures, it generally 1s assumed that
some other material is needed for energy
absorption, but there does not appear to be
any specific informazior available to sup-
port this assumption. Bell therefore con-
ducted a study to investigate the energy
absorption characteristics of some simple

composite material deformation concegpts. shaped load-deflection curve as showr an 1
Compesite tubes were desioned with egquiva- Figure 13. 1
1
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Figure 13. Load-deflection curves for
energy absorbing composite
tubes,

lent static strengths and filament wound

at $45° angles from three materials:
graphite/epoxy, Kevlar/epoxy, and fiber-
glass/epoxy. These tubes are showrn ir Fig-
ure 12 after being crushed on coned arv:.ls.

The specimens were statically and
dynamically tested and exhibited good
energy absorption characteristics wit
progressive failure and a flat, rectangular
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The highest specific energy absorption
for the tubes showrn in Figure 12 was ob-
tained with the graphite/epoxy tubes crushed
on a flat (0°) surface and was above 15000
(ft-1b/1b). 1t is felt that since these
were only preliminary tests this value can
be significantly improved by optimizing
parameters such as fiber oraientat:ior.
Specific energy absorption values of 40000
(ft-1b/1b) have already been obtained with
improved fiber orientation using graphite,
epoxy tubes.

Tests of Composite Structure Sections

The Research and Technology Labora-
tories (RTL) of the U. §. Army Aviation
Research and Development Command
(USAAVRADCOM) have been working on two
test programs related to the crash impact
behavior of composite structures. The
first program is to develop standard testing
methods for compar.ison of the response of
different materials to crash type loading

‘and the second program is to conduct static

‘and dynamic compression testing of scale
helicopter fuselage type sections.

R. L. Foye of the Advanced Systems
Research Office of RTL, Ames Research
Center has conducted compression tests of
stiffened cylinders in an attempt to develop
an economical method of testing materials
‘assembled in a manner representative of an
aircraft structure (Reference 36). The
stiffened cylinders were approximately 9
inches in diameter by 18 incres in length
and had four equally spaced longerons.
Specimens of aluminum, fiberglass, Kevlar
and graphite have been tested.

For the aluminum specimen, Foye noted
that the compression failure modes typical
of aircraft structures were in evidence:
local skin buckling, progressive skin
buckling over the entire surface, local
crippling of each stiffener, bending of the
skin and stringer, complex creasing and
folding, fastener tearout, skin puncture
and skin tearing. This indicates the merat
in the test method since it exercises the
compression failure modes known to occur
in metal. The results of tests to date
indicate composites configured similar to
metal specimens have lower energy absorp-
tion than metal and produce splintering
and more separation of the stringers from
the skin. Figure 14 shows that the energy
absorption for composite specimens was
about 1/5 to 1/6 that of aluminum. Foye's
goal is to develop a standard test method
that can be achieved for about one thousand
dollars per test sepcimen. More tests are
planned with different types of loading
in the future,.

ALUMINUM

v
[
2
-4
=
4

RELATIVE
SPECIFIC ENERGY ARSORPTION
b
FIBERGLASS
KEVLAR
(CRAPHITE
GRAPHITE

]

3

Figure 14, Specific energy absorpticn
comparasons c¢f composaite .
stiffened cylinders o mezal.

During the program sponsored by the
Applied Technology Laboratory (ATL: cf
RTL and documented in Reference 15,
Lockheed analyzed and tested (static and
impact) several alurminum structura.
specimens representative of typical heli-
copter lower fuselage structure. These
specimens were approximately 1/2 the s.ze
of the UH-1H lower fuselage bulkheac and
stiffener arrangement beneath the trans-
mission pylon support, except that the
skin, web and angle stiffeners were full
scale. The failure modes and nost-failure
behavior of this structure are of interest
since vertical crash loads are transrmitted
through i1t tc the transmission pylon struc-
ture. The current ATL test program 1s to
investigate the behavior of similar cor-
posite structures subjected to the same
static and impact conditions. Because
specimens of the size tested by Lockheed
could not be accommodated by the existinc
ATL drop tower, a dimensional anaivs:is
was performec, andé the vali:d.ty cf ccr-
ducting the tests using specimens 1.2 the
scale of whe lLockheed specimens was veri-
fied by cne static anc two drop tes:s.
The aluminum honeycomb concept cof Figure 1S
has also been static and ampact tested
(14 ft/sec impact velocity). This ccncept
weighs B8.6% less and has a Specific Energy

. Eneragv Absorbed ™

Absorption, @E" ® Structural Weight.'
1.82 times that of the baseline ajluminur
specimen, Future testing is planned wath
specimens constructed of composite materi-
als, e.g., graphite/epoxy and f{iberglass,

78-51-11

20




ROSEE R Ik b o

Conil SE0 J Jem ¢

9 : 1/2 SCALE ALyl tayn

‘9E:7‘-r-

dLumrwve wontrtone
conci

§7:2.00 18
SEAvIN82Y in-Ld

- 2w ¥ oW o vy & 0w 0w oW v ¥ . w & =T 07 07T 7 WO =TT W -

LOAD (X1000 L)

. DEFLECTION (1K)

Load-deflection curves for
half-scale structure sections.

Figure 15,

Crashworthiness Design Criter:a

There are many considerations ir the
design of a crashworthy airframe structure.
For this investigation, only those that
relate to the crash impact characteristics
of airframe structures constructed of
composite materials will be discussed.
These crashworthy design considerations
are as follows:

l. Maintaining an airframe protective
shell for occupant protection

2. Providing tiedown strength to
react the applied inertia forces
to large mass items

3, Designing for breakaway airframe
structure to reduce the total mass

4. Reducing occupant strike hazards
within the capin area

$. Absorbing energy by fuselage
. crushing

6. Reducing post-crash hazards
7. Designing for failure modes

‘ Discussions of crashworthy design considera-
‘ tions can be found in the Army's Crash

. Survival Design Guide (Reference 1) and
many other sources, for example, References
1%, 37, 38, and 39.

STR TT.%L

Airframe structure crashwor-
thiness cr:iteria and current
desigr cr.teria.

Figure .16,

These design consi:derations have Lbeer
addressed ir civiliar and military recula-
t.ons, standards and specification wnere:r
tney have beer formulated intc cr:ter:a.

A summary of available criteria and thre
crashworthy design considerations addressed
by each 1s presented in Figure 16,

By far the most comprehensive crash-
worthiness reguiremen:s document 1is M
STD-1290 (Reference 2;, MIL-STD-129°¢
establishes minimum crashworth ness desion
criteria which, when implemented irn zhe
initial stages of aircraft systems desiar,
will provide a:.rcraft possessing improved
crash safety characteristics. This stan-
dard was based on the design guidelines of
the Crash Survival Design Guide. Because
these criteria represent a needed capability,
crash impact survivability, modification of
this criteria in any manner that would re-
duce the level of crash protection %o be
provided was not considered. Althouch
some of the material properties of cor-
posites run counter to the material proper-
ties preferred for crashworthy structures
(e.g., low ductilaty, fracture, and
splintering), nothing learned in this
investigation indicates that the crash-
worthiness of MIL-STD-1290 cannot be me:
with structures constructed from composite
materials. On the corntrary, the afore-
mentioned Budd Co. automotive effort with
fiberglass/polyurethane foam sandwich
panels and tubes indicates that crash-
worthy composite structures are possible
through innovative design. Certainly
satisfying the crashworthiness guidelines
shown in Figure 1 with composite struc-
tures 1s challenging; however, availabkle
RLD results indicate that the challence
i8 not so much one of simply meeting the
criteria, rather 3t 1s how to do sc
without saigraficantly compromising the
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need special treatment because
of the.r brattle failure charac-
teristics.

4. There 1s some research ir-progress
by the Army, NASA, and Bell d:rec-
ted towards invest:i:aatilor cf the
crashworthiness of COmposite air-
craft type structures.
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NASA/FAA General Aviation Crash Dynamics Program—
A Status Report

Robert G. Thomson*® and Robert C. Goetzt
NASA Langlev Research Center, Hampton, Va.

The objective of the Langley Research Center general avistion crash dynamics program is to develop
technology for improved crash safety and occupant survivability in general aviation aircraft. The program in-
volves three basic areas of research: controlled full-scale crash testing, nonlinear structural analyses to predict
farge deflection elasto-plastic response, and load attenuating concepts for use in improved seat snd subfloor
structure. Both analytical and experimenial methods are used to develop expertise in these areas. Anafyses in-
clude simplified procedures for estimating energy dissipating capabilities and complex computerized procedures
for predicting airframe response. These analyses are being developed to provide designers with methods for
predicling accelerstions. loads, and displacements of collapsing structure. Tests on typical full-scale aircraft and
on fuil- and subscale structural components sre being performed to verify the analyses and 10 demonstrate load

attenuating concepls.

Introduction

N 1972, NASA embarked on a cooperative effort with

FAA and industry to develop technology for improved
crashworthiness and occupant survivability in general
aviation aircraft. The effort includes analytical and ex-
perimental work and structural concept development. The
methods and concepts developed in this ongoing effort are
expected to make possible future general aviation aircraft
designs having enhanced survivability under specified crash
conditions with little or no increase in weight and acceptable
cost. The overall program is diagramed in Fig. 1. NASA’s
responsibility in this joint program is shown by shaded boxes,
the FAA's role by unshaded boxes, and joint efforts by cross-
hatched boxes.

Crashworthiness design technology is divided into three
areas: environmental, airframe design, and component
design. The environmental technology consist of acquiring
and evaluating field crash data to support and validate
parametric studies being conducted under controlled full-scale
crash testing, the goal being to define a crash envelope within
which the impact parameters allow human tolerable ac-
celeration levels.

Airframe design has a twofold objective: to assess and
apply current, on-the-shelf, analytical methods to predict
structural collapse; and to develop and validate new and
advanced analytical techniques. Full-scale tests are also used
to verify analytical predictions, as well as to demonstrate
improved load attenuating design concepts. Airframe design
also includes the validation of novel load limiting concepts for
use in aircraft subfloor designs.

Component design technology consists of exploring new
and innovative load limiting concepts to improve the per-
formance of the seat and occupant restraint systems by
providing for controlled seat collapse while maintaining
seat/occupant integrity. Component design also considers the
design of nonlethal cabin interiors.

Presented as Paper 79-0780 at the AIAA/ASME/ASCE/AHS 20th
Sructures, Structural Dynamics & Materials Conference, St. Louis,
Mo., April 4-6, 1979; submitted May 7, 1979, revision received Nov.
26, 1979. This paper is declared a work of the U.S. Government and
therefore is in the public domain.

Index categories: General Aviation; Structural Design; Structyral
Dynamics.

* Aero-Space Technologist.

+tHead, Dynamics Load Branch. Member AIAA.

26

Langley’s principal research areas in the joint FAA/NASA
crash dynamics program are depicted in Fig. 2. These areas
inciude full-scale crash testing; nonlinear finite element
analysis; seat, occupant, and restraint simulation; and energy
absorbing seat and structural design concepts. Subsequent
sections deal with these 19pics.

Fuil-Scale Crash Testing

Full-scale crash testing is performed at the Langley Impact
Dynamics Research Facility! shown in Fig. 3. This facilitv 1s
the former Lunar Landing Research Facility modified for
free-flight crash testing of full-scale aircraft structures and
structural components under controlled test conditions. The
basic gantry structure is 73 m (240 f1) high and 122 m (400 ft)
long supported by three sets of inclined legs spread 81 m (26
ft) apart at the ground and 20 m (67 ft) apart at the 66 m (218
ft) level. A movable bridge with a pullback winch for raising
the test specimen spans the top and transverses the length of
the gantry.

Test Method

The aircraft is suspended from the top of the gantry by two
swing cables and is drawn back above the impact surface by a
pullback cable. An umbilical cable used for data acquisition 15
also suspended from the top of the gantry and connects to the
top of the aircraft. The test sequence is initiated when the
aircraft is released from the puliback cable, permitting the
aircraft to swing pendulum style into the impact surface. The
swing cables are separated from the aircraft by pyrotechnics
just prior to impact, freeing the aircraft from restraint. The
umbilical cable remains attached to the aircraft for data
acquisition, but it also separates by pyrotechnics before it
becomes taut during skid-out. The separation point is held
relatively fixed near the impact surface, and the flight path
angle is adjusted from 0 to 60 deg by changing the fength of
the swing cable. The height of the aircraft above the impact
surface at release determines the impact velocity which can be
varied 010 26.8 m/s (60 mph). The movable bridge allows the
pullback point to be positioned along the gantry to insure that
the pullback cables pass through the center of gravity and act
at 90 deg to the swing cables.

To obtain flight path velocities in excess of 26.8 m/s (60
mph) a velocity augmentation method has been devised which
uses wing-mounted rockets to accelerate the test specimen on
its downward swing. Two Falcon rockets are mounted at each
engine nacelle location and provide a total thrust of 77,850 N.
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Fig. 2 Research sreas in Langley general avistion crash dynamics
program.

The aircraft is released after rocket ignition, and the rockets
continue to burn during most of the downward acceleration
trajectory but are dormant at impact. The ‘eloaty
augmentation method provides flight path velocities of 26 §.
44.7 m/s (60-100 mph) depending upon the number and burn
time of the rockets used.

Fig. 3 Langley Impact Dynamics Research Facility.
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s amciecd arthropomorphic dummies (Not ona Highway
Tratne Satzny Admnistration Hybod 1y are on hoard all
tuied e daroran tess conducied at Langley The Jocatnon
and framig ate of the cameras are discussed in Ret. 1 The
restramnt ssotem arrangement and type of restraint used vary
trom test (o res?

Tests Conducted

A chronological summary of the full-scale crash tests
conducted at the Impact Dynamics Research Facility s
represented in Fig. 4. The shaded symbols are crash tests that
tiave been conducted, the open symbols are planned crash
tests. Difterent svinbols represent different types of aircraft
under different impact conditions; for example, o represen.s
a twin-engine specimen impacting at 26.8 m-s (60 mph) while
a represents the same twin-engine specimen, using the
velocity augmentation method, impacting at 40.2 m ‘s (90
mph). Various iypes of aircraft have been successfully crash
tested at Langiey from 1974 through 1978 mcluding CH-47
helicopters, high and low wing single-engine aircraft, and
arrcraft fuselage sections. Data from these tests are presented
in Rets. 2-6 The aircraft fuselage section tests are vertical
dron tests conducted to simulate full-scale aircraft cabin sink
rates experienced by twin-engine aircraft tested earlier. The
response of the aircraft section, two passenger seats, and two
dummies are being simulated analytically (see section on
Nonlinear Analysis). Some single-engine crash tesis were
conducted using a dirt impact surface but most were con-
ducted on a concrete surface. The dirt embankment was 12.2
m (40 f1) wide, 24.4 m (80 f1) long, and 1.2 m (4 ft) in depth.
The dirt was packed to the consistency of a ploughed field
with a2 CBR of approximately 4. The variation of fuli-scale
crash test parameters is not complete and does not consider
such effects as aircraft overturning, and cartwhecling, fire, or
tree and obstacle impact.

Controtled Crash Test and Las Vegas Accident
On Aug. 30, 1978, a twin-engine Navajo Chieflain,
carrying a pilot and ning passengers crash landed in the desert
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Fig. S8 Controlled crash.

Fig Sb Las Vegas acardent.

shortly after 1aking off from the North Las Vegas Airport.
All 10 persons on board were killed. A comparative study of
this Navajo Chieftain crash and a similar NASA controlied
crash test was made. The controlled crash test chosen em-
ploved the velocity augmentation method wherein the aircraft
reachs a flight path vefoaty of 41.4 m -« (2. mph) at impact.
The pitch angle was - 12 deg, with a £ deg left roll and | deg
yaw. Figure $ shows photographs of the two aircraft. The
NASA specimen 15 a twin engine pressurized Navajo, which
carries six to eight passengers, and although the cabin 1s
shorter in iength it s simular in structural configuration to the
Chiefrain.

Structural damage to the scats and cabin of the Navajo
Chieftain and to the seats and cabin of the NASA test
specimen are shown for iltustrative purposes i Fig 6. Much
more corroborating structural Jamage 1s contained i Ref. 7.
1t 1s conjectured that the Chieftain contacted the neariv level
desert terrain at a iccation along the lower tusetuge on the
right side oppositc the rear door  Annstant later, the res of
the fuselage and the level right wing wmpacted. The Chiet-
tain’s attitude just prior (o umpact s assumed, therefore, to
have the following impact athitude pitched up shightiy, rolled
shghtly to the right, and vawed to the Iett The two aircraft
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Fig. T Acceleration time histories from first passenger and floor of
controlled crash test ( — 12deg pitch, 41.4 m/s (light path velocity with
S deg left roll, 1 deg yaw).

differ in roll attitude at impact but are comparable. The
structural damage to the cabin of the Chieftain was much
greater than that exhibited by the NASA controlled crash test
under correspondingly similar impact attitudes. The damage
pattern to the standard passenger and crew seats of the
Chieftain was similar to that in the NASA tests, but generally
exhibited more severe distortion. The damage patterns suggest
similar basic failure modes and, in the case of the seat
distortion, a flight path impact velocity in excess of 41.4 m/s
(92.5 mph) for the Chieftain. Acceleration time histories from
the first passenger seat and floor of the controiled NASA
crash test are shown in Fig. 7 where the first passenger
corresponds to the damaged seat shown in Fig. 6.

Because of the similarity in the damage patterns exhibited
by seats 6 and 8 of the Chieftain and the first passenger seat of
the NASA controlled test, generalized conclusions can be
drawn relative to certain seat accelerations experienced by
those passengers in the Chieftain. The peak pelvic ac-
celerations of passengers 6 and 8 in the Chieftain accident
were probably in excess of 60 g normal (to aircraft axis), 40 g
longitudinal, and 10 g transverse

Nonlinear Crash Impact Analysis
The objective of the analytical efforts in the crash dynamicy
program ts 10 develop the capability of predicting nonlincar
geomelric and mateniai behavior of sheet-stringer aircraft
structures subjected to large defermations and to demonstrate
this capatilitn by determining the plastic buckhing and
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collapse response of such structures under implusive Joadings
Two specific computer programs dare bemg deseloped, one
tocused on modeling concepts applicable to large plastue
deformations of realistic aireraft structural components, and
the other a versatile seat occupant program to simulate
occupant response. These two programs are discussed in the
tollowing sections.

Plastic and Large Deflection Anatysis of
Nonlinear Structures (PLANY)
Description

For several years Llangley has been developing a
sophisticated structural analyvsis computer program which
includes geometric and matenal nonhnearities.* PLANS s a
finite element program for the static and dynamic nonlinear
analysis of aircratt structures. The PLANS computer
program is capable of treating problems which contain
bending and membrane stresses, thick and thin axisymmetric
bodies, and general three-dimensional bodies. PLANS, rather
than being a single comprehensive computer program,
represents a collection of special-purpose computer programs
or modules, each associated with a distinct physical problem.
Uising this concept, each module s an independent finite
element computer program with 1ts associated element
library. All the programs in PLANS employ the ‘‘initial
strain’’ concept within an incremental procedure to account
for the effect of plasticity and include the capability for cvelic
plastic analysis. The solution procedure for treating material
nonlinearities (plasticity) alone reduces the nonlinear matenal
analysis to the incremental analysis of an elastic body of
identical shape and boundary conditions, but with an ad-
ditional set of zpplied “*pseudo loads.’' The advantage of this
solution technique 1s that it does not require modification of
the element stiffness matrix at each incremental load step.
C ombined material and geometric nonlinearitics are included
in several of the modules and are treated by using the *‘up-
dated’’ or convected coordinate approach. The convected
coordinate approach, however, requires the reformation of
the stiffness matrix during the incremental solution process.
After an increment of load has been applied, increments ot
displacement are calculated and the geometry is updated. In
addition to calculating the element stresses, strains, etc., the
element stiffness matrices and mechanical load vector are
updated because of the geometry changes and the presence of
initial stresses. A further essential ingredient of PLANS is the
treatment of dynamic nonlinear behavior using the DYCAST
module. DYCAST incorporates various time integration
procedures, both explicit and implicit, as well as the inertia
effects of the structure.

Comparison with Experiment

PLANS is currently being evaluated by comparison with
experimental results on simplified structures. In the order of
increasing complexity these structures are: an axtal com-
pression of a circular cylinder; a tubular structure composed
of 12 clements with symmetric cross sections joined at
common rigid joints; an angular frame composed of asym-
metric angles and bulkheads with nodal eccentricities at the
rigid joints; and the same angular frame covered with sheet
matenal. Static and dynamic analvses of these structures
loaded into the large deflection plastic collapse regime have
been conducted with PLANS and compared with ex
perimental data 1in Ref. 10 and reported on in Ref. I1.
Presently an analytical ssmulation of a vertical drop test of an
aircraft section is being compared with experimental full-scale
crash data. Preliminary computer deformation patterns are
shown in Fig. 8 using an implicit Newmark-Beta integration
algorithm. The use of implicit time integration methods. for
this particular nonhinear problem. resulted in more practical
time steps than was previously obtained using an exphuit
Adams Predictor-Corrector algorithm. The results of this
study are reported in Ref. 12.

CRASH DYNAMICS PROGRAM SR
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Fig. 8 Computer deformation patterns of an aircraft section im-
pacting rigid surface with vertical velocity of 9.1 m. s (30 ft 's).
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Fig.9 Experimental and computer dummy accelerstions for the - 30
deg. 27 m/s full-scale crash test.

Modified Seat Occupant Model for Light Aircraft (MSOMILA)
Description

Considerable effort is being expended in developing a good
mathematical simulation of occupant, seat, and restraint
system behavior in a crash situation. MSOMLA was
developed from a computer program SOMLA funded by the
FAA as a too! for use in seat design.'’ SOMLA 1s a three-
dimensional seat, occupant, and restraint program with a
finite element seat and an occupant modeled with 12 ngid
segments joined together by rotational springs and dampers at
the joints. The response of the occupant is described by
Lagrange's equations of motion with 29 independent
generalized coordinates. The seat model consists of beam and
membrane finite elements.

SOML A was used previously to mode! a standard seat and
dummy occupant in a NASA hight aircraft section vertical
drop test. During this simulation, problems were experienced
with the seat model whenever the yield stress of an clement
was cxceeded. Several attempts to correlate vanous finte
element solutions of the standard seat with OPLANE-MG,
DYCAST, and SOMLA, using only beam and membranc
elements, to experimental data from static vertical seat
loading tests were only partially successful. Consequentiy, to
expedite the analysis of the scat occupant, the finite element
seat 1n SOML A was removed and replaced with a spring-
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damper system. Additional modifications to SOMLA added
nonngid occupant contact surfaces (nonhinear springs) and
incorporated a three-dimensional computer graphics display
This modified SOML A s called MSOML A A more complete
discussion of MSOML A 1ts compater input requirenents,
and additional experimental analviical comparisons can be
found in Ref. 14

Comparisun witn Experimen:

A comparison of full-scale crash test data from the - 30
deg, 26.8 m s (60 mph) crash test and occupant simulanon
ustng MSOMLA 1« presented in Fig. 9. The comparisons
between measured and computed acceleration pulses are
excellent considering the seat and occupant were subjected to
forward, normal, and rotational accierations. This com-
parison, using full-scale crash data, demonsirates the ver-
satility of the program’s simulation capability

Crashworthy Seat and Subfloor Structure Concepts

The development of structural concepts to limit the load
transmitted to the occupant is another research area in
Langley's crashworthiness program. The objective of this
research is to attenuate the load transmitted by a structure
either by modifying its structural assembly, changing the
geometry of its elements. or adding specific load limiung
devices to help dissipate the kinetic energy. Recent efforts in
this area at Langley have concentrated on the development of
crashworthy aircraft seat and subfloor systems.

The concepts of available stroke are paramount in deter-
mining the load attenuating capabilities of different design
congepts. Shown in Fig. 10 are the three load-attenuating
areas which exist between an occupant and the impact surface
during vertical descent: the landing gear, the cabin subfloor,
and the aircraft seat. Attenuation provided by the landing
gear will not be included in this discussion since it is more
applicable to helicopter crash attenuators. Using the upward
human acceleration tolerance of 25 g as established in Ref. 1§,
a relatonship between stroke and vertical descent velocity can
be established for a constant stroking device which fully
strok  :n less than the maximum time allowable (0.10 s) for
hum.  rolerance. This relationshop is illustrated in Fig. 10.
Under the condition of a constant 25 g deceleration stroke the
maximum velocny decrease for the stroking available 15 12.2
m s (40 ft s) for the seats and 8.2 m/s (27 ft. s) for the sub-
floor (assuming 30 and 1S cm {12 and 6 in.] in general for a
twin-engine light aircraft). For a combination of stroking seat
and stroking subfloor. the maximum veloaity decrease
becomes 15.2 m s (S0 ft s). These vertical sink rates are
comparable to the Army Design Guide recommendations**
for crashworthy scat design.

Seat

A ceiling-mounted load limiting seat, shown in Fig. 1la, is
simiar n design to a troop seat designed for Army
helicopters'* and weighs 9 kg (20 1bm). This seat is equipped
with two wire bending load himiters which are located inside
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Fig. 10 Avajlable siroke for energy dissipation in typical twin engine
general aviation aircraft.
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the seat back and are attached to the cabin cethng 1o hmit both
vertical and forward loads. Two additional load hmiters are
attached diagonaiiv between the seatpan at the front and the
fleor at the rear o limu forward loads only. The seatpan 1n
the desigrn remains paraliel 1o the floor while stroking The
lerigth of the stroke 15 approwinatedy, 3G ¢m (12 in ) n the
vertcal direction and 18 om (7 an ) an the torward The wire
bending ioud himiter 1s simply a wire element, mounted (o pass
over a three-wheeled trolley, housed in a tubular casing. In
operation, the wire bending trolley, which 1s attached to the
top housing sleeve, translates a wire ioop along the axis of the
wire during seat stroking at a constant force. This type of load
limiter provides a near constant force during stroking, thus
making it possible to absorb maximum loads at human
tolerance levels over a given stroking distance.

The floor-mounted load himiting seat weighs 10 kg (23 (bm)
and emplovs two wire bending load himiters which are at-
tached diagonally between the seatpan at the top of the rear
strut and the bottom of the front legs. While stroking. the rear
struts pivot on the floor thus forcing the load himiter housing
to slide up inside the seatback (Fig. 11b). The third load
limiting concep! tested uses a rocker swing siroke to change
the attitude of the occupant from an upright seated position 10
a semi-supine position.

In dynamic tests conducted at CAMI (FAA Cuil
AeroMedical Institute), the sled or carriage 1s linearly ac-
celerated along rails to the required velocity and brought to
rest by wires stretched across the track in a sequence designed
to provide the desired impact loading to the sled. A hybrid II.
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Fig. 11 Passenger seats with wire bending foad hmiters. a1 Ceiling-

supported passenger seat: by Floor-supported passenger seat,
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Fig. 12 Pelvis accelerations for dummy in standard and ceiling-
mounted (Joad limiting) seat subjected to ‘‘vertical” and
*'longitudinal’’ sled pulses.
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Fig. 13 Dumm) sccelerations from sled test and from s full-scale
crash test under similar impact conditions.

50th percentile dummy instrumented with accelerometers
loaded the seats and restraint system on impact. The restraint
system for these seats consisted of continuous, one-piece, lap
belt and double shoulder harness arrangement.

Time histories of dummy pelvis accelerations recorded
during two different impact loadings are presented in Fig. 12
with the dummy installed in a standard seat and in a ceiling-
mounted, load limiting seat. The vertica! impulse of Fig. 12a
positioned the seats (and dummy) to impact at a pitch angle
{angle between dummy spirie and ditectuion of sled travel) of
- 30 deg and a roll angle of 10 deg. In the “‘longitudinal®’

Fig. 14 Load limiting subfloor concepts.
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Fig. 15 Load deflection curves for load limiting subfloor concepts.

pulse (Fig. 12b) the seats were yawed 30 deg to the direction of
sled travel. The sled pulses are also included in the figure and
represent the axial impulse imparted to the inclined dummies.
The x- and z-axis of the dummy are local axes perpendicular
and parallel to its spine, respectively. The figure shows that
tor both impact conditions the load limiting seat in general
provided a sizable reduction in pelvis acceleration over those
recorded during similar impacts using the standard seat.

The impact condition associated with a dummy passenger
in one of the full-scale NASA crash tests were quite similar to
those defined by the sled .est of Fig. 12a, parucularly in terms
of velocity change, thereby permitting a gross comparison of
their relative accelerations. Figure 13 shows that comparisen
Although the dummy acceleration traced from the two tests
are similar in both magnitude and shape. saome phase shift i
evident. This agreement suggests that sled 'es.ng provides a
good approximation of dummy sea® respomse o tui slaee
aircraft crashes.

Subfloor Structure

The subfloor structute of mosv o FERra
aviation aircraft offers about !¢ 200~ » » PRI
stroking distance, which suggesis the (a7 o° PP
velocity change of approumatens » - . e by
10). Aside from that necessdry ‘o - . s 4
electrical conducts some ‘voiune a st A
subfloor for energy disaipation throug? - . a1 A
number of energy absorbing subfloos - o taie heut
advanced and Fig. 14 presents sketihier 0 .0 g e
candidates. The first three concepts, moe. p o etr v,
right, would replace existing subfloor structure anid atlow ter
1) the metat working of floor beam web< fiided with eners
dissipating foam; 2) the collapsing ot ~recorrugated oo
beam webs filled with foam: or ¥} the (ollapsing ot
precorrugatec foam filled webs interlaced with a notched
lateral pulkhead The remaiming two concepts ehminate the
floor beam entirely and replace 1t with a precorrugated canoe
(the corrugations running circumferentially around the cross:
section) with energy dissipating foam extertor to the canoe;
and foam-filled Keviar cvhinders supporting the floor loads
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These five promising concepts are being tested both statically
and dynamically to determine their load deflection charac-
teristics. Some examples of the static load detlection behavior
obtained from four of the five concepts are shownin Fig 18

After repeated testing and sizing (geometric optimizing) o
these load limiting devices, the three most promising will be
chosen for integration into complete subfloor units to be used
as the subfloors in aircraft sections. Drop tests of these air-
craft sections will then be conducted at velocities up to 15.2
m:s (50 ft/s) to evaluate their performance as compared to
unmaodified subfloor structure. A static crush test will also be
performed on one of each of the subfloor units

Conclusion

Langlev Research Center has initiated a crash safety
program that will lead ro the development of technology to
define and demonstrate new structural concepts for improved
crash safety and occupant survivability in general aviation
aircraft. This technology will make possible the integration of
crashworthy structural design concepts into general aviation
design methods and will include airframe, seat, and restraint
system concepts that will dissipate energy and properly
restrain the occupants within the cabin interior. Current
efforts are focused on developing load limiting aircraft
components needed for crash load atienuation, in addiuion to
considerations of modified seat and restraint systems as well
as structural airframe reconfigurations. The dynamic
nonlinear behavior of these components is being analytically
evaluated to determine their dynamic response and to verify
design modifications and structural crushing efficiency. Seats
and restraint systems with incorporated deceleration devices
are being studied that wili limit the load transmitted to the
occupant, remain firmly attached to the cabin floor, and
adeguately restrain the occupant from impact with the cabin
interior. Full-scale mockups of structural components in-
corporating load limiting devices are being used to evaluate
their performance and provide corroboration to the analytical
predictive techniques.

in the development of aircraft crash scenarios, a set of
crash test parameters are to be determined from both FAA
field data and Langley controiled crash test data. The con-
trolled crash test data will included crashes at velocities
comparable with the stall velocity of most general aviation
aircraft. Close cooperation with other governmental agencies
is being maintained to provide inputs for human tolerance
criteria concerning the magnitude and duration of

Dt s, coidein i,

deceleration levels and for reabsue crash data on sut
vivabihity. The analytical predictive methods des eloped herein
for crash analyses are to be documented and released through
COSMIC.
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2.3 Transport Alrcraft

In addition to some discussion f helicopters nd general aviarion {
aircraft, the following two papers contain exeellent yeviews of transport
crash response research. These two papers are reproduced in tfuil In the
following by the kind permission or the authors.
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Structural Crashworthiness
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Trey orepart descrabes structure’ o1.vat
Crasn 1T.namics retearc” activities berro . e Cate e . -
on cereral aviatior avrcraftoand trangpyo ot Dewe oo T3t g v sty e
vraft The cponet ncludes experimenta’ 3 CPALE T e et R R R R S S L
anaistrcal (arrelatrans af Inag-tamarang o e LT L R TReLe b X Cae
ang seat cnnfigurations tested dvhamrially e Ry hee, AR S, tag e e
vertica’ arul tests and 1noa horizonta' slet setw’ e 1367 The e at Lt et a4t .
ergtrcr fycring, Lnmputer prediction.  ,s0r 3 A it erocngers ard desnowr g0 e e
finrte-element nanlinear computer proqran . 2 e N fawdrd TmE e et 3t e s
2f tne acceleration time-histories of these non. milieqe, areoeafe Be requrrie trgr Sem,oy
vative seat and subélocr structyre are Hreserted De t. Tt e e L et
Pronosed apolicatinn of these computer techr - jues, Tracr toreg Pag.obeen yirtusl' o g et g
and the nonlinear lumped mass computer Hroarg~ Cverg!’ (ra-mwirthiness of trhe dem, gov rgte v
KRASH, to transport aircraft crasn dinamics g has beer s bontantigll, m;roye Tre e, ol R

discussed. A prooosed FAA full-scale rrasn test
cf a fully Instrumented radio contrnlled transport
airplane 15 alsa described.

Introduction

Aviation crash dynamics research has a
history {fig. 1) dating back ta the proneering
work 0f Huah DeHaven in the 1940's. Having
survived a midair collision and the ensuino crash
that toock three lives, OeHaven initiated research
into crashworthiness wherein he did onsight inves-
tications of aircraft accidents to identify com-
ponents and/or subsystems contributing to injuries
and/or fatalities. Results from this researcn
produced desi1gn guidelines that are sti!l nertinent
even today.’

The AG-1 cropdusting aircraft, built by Fred
Weick at Texas A & M College, incorporated a
number of original crashworthiness features based
unon the principles espoused by DeHaven.’*’ Tnese
features are still found in today's production
agricultural airplanes.

Another milestone in the progress of im-
proved structural crashworthiness of aircraft 1s
the first series of airplane crash/fire tests
conducted by the Nationa) Advisory Committee for
Aeronautics (NACA) Lewis Research Center in 1952,
These tests demonstrated some mechanisms which
initiate gost-crash aircraft fires.* In 1964,
the Federal Aviation Administration (FAA} cnnducted
two full-scale crasn tests of transport airplanes
at the Flight Safety Foundation facility. Phoenix,
Arizona. One of these tests was usina a Douglas
0C-7 and the other was using a Lockneed L-1649
These tests were perfarmed - 1th these obrte.t:
in mind: (1) to obtain crash environmental data,
(2) to study fuel contatnment, and (3! to collect
data on the behavior of various components and
equipment aboard the airplane. “»% After nearly
a twenty-year hiatus, the FAA is proposing another
fuil-scale transport crash test to be conducted 1'n
cooperation with the National Aeronautics and
Space Administration (NASA).  This proposal
1nvolves crashing g remotely piloted Boeing B-700

This paper is deciarvd o work of the |
Goverament 9nd 1herelors s iu 1he public doman

Safety ant #eliconter Crast Testing Prograt

(Fig. 1 val:dated seiected crashwirtn, 3¢,
concents ~ Tne Army s ointerest - ceashw.rtto o
continues T this day  The Desrar L. - wac
recentl, yodated on the basis cf tre 'ates
research results, a crashworth, ut:lot, ne'ho  ter
{Blackhawn i N2S Deen Dyt 1nte productun, @ 2
praduction ¢ 3 crashworthy atiace ne'icunts
imminent "

Advarced materrals, and 1n partrgutar
granhite-epoxy Composites, are being conitdered by
the Army for future helicopter weight-savin-
desyagns. Tne Army has embdrked or a orograT -
build an all composite arrframe helrcouter, -
still requiring that the crashworthiness re;, re-
ments, apniicable to metal aircra‘t, be antlie
in the destgn stage. -°

In 1572, NASA embarked on a cooperative e*fir®
with FAA and ndustry to develor technslogy for
improved crashworthiness in genera' aviation
aircraft. Tne effort included analytizal and
experimental structural concept development ang 1r-
valved full-scale crash testing.l- Prior to 1972,
little full-scale crash testing of general aviatior
airplanes nad been done except for some high wing.
single encine tests preformed by NASA n 1967,
and a crash test proaram involving two TC-d450
twin-engine arrplanes performed by Aviation Safety
Engineering and Research (AVSER) 1n 1964-65 for
the U. . Army 1721 The NASA Langley full-scale
three-dimensional crash simulations are examining
the response of the stoucture, seats, and anth c-
pImorphic dummies ta realtstic crash deceleratior
nulses Definitive data Such as the 1mpact
attitude and velocity, crash forces, and dumry
accelerations are being obtarned 1n these crasn
tests trhat cannot be obtained by insestigating
fireld acordents

The general aviatiror (rash dynamics proqram
1y currently being expanded to inciude commercial
transport atrcraft 1t 1y recognized that there
are srarvfrcantly fewer transport accidents than
either ieneral aviation airplanes or military
heliconters  However, 1n a single transport
accrdenc, the lives nf several nhyndred Dassengers
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an? (rew are tecpardizv

The two primary fattres cantrabytang v
fatal ‘ties 'r trarsport 3T rlents ace fragms
resu’ting from impact forces ats fire  The totgl
finan.tal loss for cormmer. @l iets tetweer 19

and 1377 a4e to accrdent, vs estimatet at §0 4

Br1l1an - These estimates o yle G fa [RISYES

at $63. million, hul11 damage 27 $7R7 ~oitrer, ary

2800 'rabrivty cases (fatals onle At 852 - TIhg
The tnitial effort in s o T gsert

on a def:rction 0f a mearing¥y’ researr Drocrar
based n part nn a caref.l seydv of 31! transpor
accident gata from 1958.1875  These tata Rave
revealer that approximatel, “. percert 0f fats
commercial trarsport accident oCCur r It oneys
airocrss during elther approach, 13t L taee.
of¢ onera*inns The arrcraft durinn triese "0Pra-
tions 15 tyoycally below normal cruise seeel and
1t willa appear trat petential far <oryisapility
cau'd be ennances throu@h ann.ted crashwoririress
techn. izgy 1n the desiar of the a rr’are

General Aviation “rast Dymarics Program
In 1972, tne FAA, MASL and niustir. embarked
or a cooperative effort to develop tecnnolony for
mproved crashworthiness and oliupant survi.ability
in genera! aviation aircraft. Tne effcrt ncluded
analvtica) and experimental verification of
structural airframe and seat confiquration nodifs-
catrons to limt the loads transmitted through

the atrframe and seat subsystem to the occupant.

The metnods and concepts developed in the general
aviatior crash dvnamics prograr will be examined
and evaluated to determine their applicability 0
the transport crash dynamics program The current
research efforts 1n the general aviat:cn prograr
are expected to make possible future arrcraft
design concepts having enhanced survivabiliey
under specified crash conditions with irttle or

no tngrease 1n weight and acceptable Cost. A
researcn crogram ntended tc accomeiish this
objective 15 defined by five tecnrica’ areas
indicated n figure 1. A summary of the pertinent
technical accomplishments performed n four of
these technical areas - fu''-<cale crask simula-
tron, a'rframe structura’ concents, dyramic
analivsis metnods, and seat'restraint syster (on-
cepts - are discussed in the follow'na sectrons
{under general aviation crasr dynamics). The five
technical areas indicated 1n figyre 2 are adsc
applicable to transport crash dvnamics including
the da‘ta base technical area under the transport
crash dynamrcs prograr accrderl data pestinent tn
crash dynamics are being examinet ac a data base
tr vdentefy Fruiteyl gresc of crashw tTRIness
researir and to Adefine transort (rag™ Sienaviisg.

e “rash Simylatine

Full-scale free-flaght crash tects were
cnnducted 'rothe Impasy Dyna= cs Resear v Facr'ty,
Lancley Researcn ferter 1r whicr derelera®ice
nistarres and stry tural defarmatcoor mo g, were
meas rel 1r twenty-fa r fraet wing grcoty
nelirnnrer crash tegty L Booampac a9n wan
3150 M3 te Detweer accidert frelt 43, Far o4 twer

enjine arrplane and cartraiea 000 ata eanr
enqine y rplane srann te Treae tesc 14t
tndtated that tre 1mpga- EP R PR P,

meas.re ! 'n the Zatar area e o tne . cecry, Fotre
sedts dn' In the ey, ey renr were

- —TTTT T Y Befitie i |

mst cdses, above human tolerance level, ek
thausn the livable volume and rteartty ¢ ore
calin area had been maintgined * The need o
mere LA forr an? controlled crust e € tn,
subfloonr and vertical stroking iDad At ten a4t ¢
merhantsTs frv seats became aptaret* oot
tatvenuate crash simglations

'

Lirfrymp e ra' (oncel

The (atb'n fFloar of a4 twin-en ine 3 rerat’
1nvolved 1n 4 fatadl arcrdent g snown
frgure ¥ -0 The fioor undulatiory were Lhe cen Tt
AfF CrusnTng and cvertyrning moments esertes .
the seated Olcuparts a4 the ‘ront leg. ¢ tr.
seaty arpiied compressive 1oads to the floir wro s
4t the same time, the rear legs expersencet
tensiie lgading The intersectiors of tne 1 ro
tudingl beams and the lateral bulknheats n .
€lnor provided ‘hard pornts” or columrs wni:®
are very efficient 1oad paths fror the under tei .
of the girplane t¢ the seat rails

“he atrframe structural destign phiiosnt .
deveicped under the general aviation progra~ *
illustrated 1n fiqure 4. The concept 15 st1mi’y
to provide an integral stiff upper floor {ar;« « -
mately & cm (2 1n.)) to maintain structural
integrity between the floor and seat anc t-
prevent seat rotation (either transverse or lnng-
tudinal) but not allow the floor pane's and
floor beams to separate. The lower supfliocr 5
designed to provide a uniform crush zone anc
vartous structural subfloor concepts have beer
developed 1n which the floor beams and latera’
bulkheads were modified.” * One Such concept wh'cr
features corrugated floor beams with notche~
corners at the intersections of the beams witn
the lateral bulkheads, is shown in figure S, a‘arn
with an unmodified airplane section. “nese
arrplang sections are approximately 120 cm ‘37 '
tong by 107 cm (42 n.} in width and represer’
the first passenger row location behind the ¢ 2%
and tne coptlat

Static crush test results are shown n
figure 5 for the two subfloor sections. The
unme.dified subfloor section exhibits much higher
(1% k1p) crush loads than the modified subfliocr
{10 ki1p: and experienced l1nss of structural
integrity between the floor panels and floo-
beams by buckling of the floor beams {sudden
decrease n load) and tearing of the floor panels.
The same amount of work {area under the load
deflection curve) 15 involved in the two static
crushes but the work is much better controlled in
the mod)fied section. Dynamic tests were also
condicted on the modified and unmodified sectrons
ang a dynami¢ analysis was performed for comparison
with tne experimental data. The static crush data
of the corrugated beam with notched corners was
used as tnput to the analytical mode! in the fore
of nonlinear sporing elements representing the
corrugated beams. The dynamic test was & vertical
arao test ontu a concerte surface with an 1mpact
elactty 0 7 3 m/s (24 fps) The results are
uresentsd 1n figure 6 and show the lower floor
acceleratinne. provided by the modified subfloors
The agreement between theory and experimenta
date 'pelv's mass acceleration) for the moadrfied
corrygatet beam subfloor 15 excellent
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Oynamic Analy<:s Methods

An analytical simylation 0f a verticdl dren;
test of a full aircraft ce.tian, Snowr Ir
fiaure 7, was used as a venigle T 35nens yariags
nenlinear computer aroara™s for “rasn anylysoe,
The arrcraft section, the first npassanger row
positron behing tne prlot ard copyl v
approx‘mately 120 i {47 in 0 oan jenctn oang 1L o
(47 'n.) anowrdtn. Thars specimen 05 o3 complets
cabin section in Contrast to the sabfliocr
sections discusses tn the arevings section né
this paper. The aircraft se.f10n was IJroppe-
vertically {anc quided by quide Dosts’ te imugct
symmetrically at 8.5 m/s (2R fpsi. Tras
vertical impact velocity represents tne vertical
sink speeg measured in a -15 pitch I, ang!e
of attack! fyll-scale crash test at .7 =m/g “#%
mph A compa~ison of fuselage fluor yutboard
vertical accelerations are qiven in fiqure +,
for tnree nonlinear structural analvsts compyter
proarams. Two of these proqrams, A{TION anc
QYCAST are finite element representations and
the program KRASH 15 a lumped-mass representa’ion
of the structure. Details of tnhese computer
programs, their capabilities, and developmenta)l
assumptions can be found in references 26-29.
The results of this comparison indicates a good
analytical representation of the first major
ptastic puckling load by a1l three programs,
however, the DYCAST computer program is seen
to follow more closely the second and third peaks
both in magnitude and duration. The KRASH com-
puter proaram, however, is more economical to
execute. °  For these reasons, both OYCAST and
KRASH w11l be further developed and evaluated
for use in transoort crash dynamics mode’ ing.
ACTION will be used as a smaller scale test bed
for evaluating new analytical techniques.

Considerable effort has also beer expended
in developing a qood mathematical simulation
of occupant, seat, and restraint system behayinr
durina a crash. The FAA-funded comgoter program
S0MLA is a three dimensional seat, occupant, and
restraint system program with a finrte element
seat and an occupanrt modeled with 1/ righd
segments joined together by rotational springs
and dampers at the joints }7 The finitte element
seat model consists of beam and membrane finite
elements capable of modeling rigid hode behavior
SOMLA was used previousty to made! 4 standard
seat and dummy occupant 1n a NASA light aircraft
section vertical drop test Ouring tnig
simulation, the seat model was replaced with a
nonlinear spring damper system. A d'scussion of
SOMLA, its computer input requirements. and
additional experimental/analytical comparisons
can be found in reference N To expicre the
possibility of incorporating 2 dynamc finite
element seat model in SOMLA, the ceilinqg Supported
load-1imiting seat and occupant was modeled
using DYCAST as shown in fiqure 9. The occupant
mode! was restricted to two body masses with
a CG location in the pelvic region. The seat
was modelled usina beams, axial rods and non-
1inear springs {(renresentina the wire bending
enerqy absorbers (f/A's)) The comparison with
the test data in Table | and figure 9 shows
excellent agreement. (Consequentlv, tne occupant/
restraint system model o€ SOMLA is being
integrated with the dynamic finite element JYCAST
orogram for increased versatility.
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Transpint Crest Tyramics Prograt

In 1873, the FRA  SASL, and 1ndustry emtars.:
or 3 cooperative effort to develop technclcn, *
IMproved Crasntwirthiness and occypart Surv .ar' °.
in transport atrcraft Tne effort rncludes
analytical modeiling ant exDerimenta’ component
and full-scale testrna tc corroborate struct.re
concept cevelopment ana to characterize advance:
mater1al crashwarthiness Tne technology de.elnies
under the “enera’ a.iaticr crash dynamics [rocTit
discyssed earlrer 10 thig paper may provide 2
foundat or ' advance tne crash dymarics tecrrs ' T,
0f transcort atrcraft, recoarizing that trans;ort
asrplanes rase Béferent anc umque Structura’
features.  “nese structurd) features ncl,oe ¢

a8’

containment . m,lti-pccupant seat arg floor vera. -,

compeste “Tan' o resnonse, and mylti-occupant en

The trarspcrs Zrash Jynamics technoloQy 1% esieltesl

to make poseable future tramsport aircra€t detiars
having ennanced survivabiitty under specrfic _rasn
scendrins with “ittle or no Increase 't weigr

and accentat'e fost.

Accadent Tata Bgse

in the first phase af the transport progre-.
it was essentral that industr/ and governmer:
examine collectively the accident data base nor
transport aircraft to 1dentrfy and define frutte,
areas of crashwirthiness research (fig. 2, Data
Base). Many Crashworthiness desian features nav
as their ‘gundation an accident data base ident ‘.-
ing the specific aircraft structure and subsysters
which contribute to 'njuries and fatalities. For
many years, emphasts n accrdent investiqatiur
was placed on determining the cause of the accizent
with J1ttle or ng consideration being qQiver tr
crasnworthiness as relates to 1nyyries ang or
fatalities. Witnin the past fifteer ypars, tr=
Tifesaving and injurv-minimizing benefrts of
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crasnworthy Jdestun were realized with:n the
aviation commurity and Vrooarticular Sy the
Army  Witn ftroc oeealizaticn, dester pnilasophy
evolved based or a:cident data, whereb, safetv
features wnich would reduce inturiec fatalities
in a crash were 1ncorporated early tn the
aircraft design stages. faving a sirilar otiec-
tive, three 1dentical transport acCCiient 5t d,
contracts were awarded to Boerng (orpimri gt
Aircrafy Company, Lockneed-Californ-a Compar, ang
Ooualas Aircra®t Company, (Lonn Beacrn). The
specific tasks in tnese three contra ts gre
surmarized as follows:

fa) 7c review and evaluate tran.pore
aircraft accident dats., define a ranae C¥
survivable ¢rash conditions or crash scenarios
that may forr a basis for developing 1mprived
crasfwcrthiress design technology.

{b} Tc 1dentify structural features ang
subsystems that nflyence ‘nigries ‘atalrties
in the crash scenarios gefirea in la

{c) Define areas of researcr and approaches
for 'mproving transport crashworthiness.

(g' ident1f, test techniques, analytical
metnods, etc. needed to assess ard evaluste tne
crash response of transport arrcraft

Tne data base for this study began w:ith a
review of the 993 transport accidents which had
occurred between the years 1958-1979 anc¢ the
establishment of a selection process. First
disreqarded were those accidents in which the
structural airframe played no significant role,
such as in flicht turbulence accidents or
maintenance personne) accidents on the Qround
Next to be disregarded were the more severe,
nonsurvivable midair collision accidents, from the
accident data dase. [n dr obdjective, dut somewhat
unavoidablv subjective manner, a combined total
of 241 "survivable” accidents remained to form the
data base. The criteria that was generaliy
applied in the selection process included the
following conditions: (1} at least 15* of the
cabin volume was maintained, (2} the trauma
forces were estimated to be within humar tolerance
levels, and (3! at least one survivor was
identified. In a few 1s0lated cases the onme
survivor condition was waivered when it was felt
that trauma forces were within human tolerance
levels but a fire hazard existed. The distribuy-
tion of accident data 15 illystrated in figure 10.
The three transport manufacturers generally
examined different accidents, but some accidents
were examined by all three manufacturers as
indicated in the figure by the cross-hatched area,
some by two 0f the three as indicated by the
hatched areas. and other accidents solely by
one manufacturer {primarily the accidents
involving his aircraft).

Some preliminary survivable accident
scenarios are evolving from the studies and are
being used in definina classes of accidents.

The scenarics consist of four different accident
conditions-

(I} A hard landing involving high sink
speed with gear collapse, wheels-up airpiane
attitude, and some swerve. The ranges of forwsrd
speed and sink speed are 65 to 82 m/s (126 to

YD knotel ane ot Viom's, respective’, T
dalrplane atlitude s symmetrical witr It
PYLen, Br the tonway cr within 2o i f the
“LNway

(117 2 ollrsion witn an cnstacle or tne
qround {drten, Diare geles, vehy les, et . witn
gear down, level airplane attituge, ant swerye
Tne ranaes of forwacd speed and <tax <peec gre
3o S0 mis (67 t¢ 100 knots) acd - Y o,
respe.tively. The asrplane 15 1r 4 Symmetrical,
Teve!, attitude or tne runway Or wit™in 530 -
of the runway.

{11! A severe mpact on runwdy witn
qear down, nigh arsle of attack and ranges of
farward speed and sirk speed of 27 to 103~/
(112 to 200 knots, ard & to 10 m 5, respectivel,
Arveplane attrtude, ortcn 0 -5, roll #5 - o3
yaw 0 -10°, on runway.

{1V} A severe ground/water tmpact off
runwdy with gear up or down, hign angie of
attack coll:sion, and ranges of forward speez
and sink speed of &1 ro 103 m/s (100 to 200 «nuts:
and 1.5 to 10 m/s, respectively. Airplane
attitude; prtch 0 -45 | roll +5 - +45 | yaw
0 -10, off runway

The range of impact conditions for these
scenarios are tentative and are only given ac
an illustrative example in this paper. uUntai
such time that all data are finalized, these
scenarios and parameter ranges are subject to
Cchanoe.

Fuel Containment

One of the identifiable structural features
and subsystems that influence injuries/fatalities
in transport accidents is the wing structure
fuel tank system. Fue)l spillage from a damage?
wing structure is one of the primary causes of
catastrophic fires and passenger fatalities.

The accident studies, previously addressed,
clearly identify mechanisms in which wing
structure damage could result in fuel spillage;
namely, for example, main gear penetration tnto
the fuel tank area, wing-mounted engine pylor
failure, or simply failure of the wing structure
itself.

Fuel containment is also a research area
in which advanced analytical techniques will
play a role in analyzing the response of the wing
tank to localize crash loadings and studying the
main gear and engine pylon failure mechanisms.
The nonlinear analytical techniques developed
under the general aviation crash dynamics program
will be applied to these unique non)inear trans-
port failure mechanisms. Consideration of
advanced composite structural materials and their
effect on structural behavior and farlure
mechanisms must be included in future transport
airplane design The necessary modeling cap-
abitity for nonlinear dynamic composite struc-
tural analysis needs to be developed and ver:fied,
first on an element level, and then on more
representative aircraft structural component level
Full-scale dynamic testing of instrumented in-
board wing tank and fuyselage sectians sublected
to impact {wrth obstacles) under controlled
deceleration ang attitude conditions are also
anticipated These fyull-scale dynamic tests may

hh it ool ok B o 4




be conducted a* the FAA Technical Center 1n 3
newly proposed 68,000 ky (150,000 Yp. Y, 77 ms
(150 knots), catapult facility

Rircraft

Airframe and Subsystems. The gniesrive of
the analytical efforts in crash dynar cs s
to develop the capability of predrcting non-
Tinear geometric and material behaviar 0 sneet
stringer aircraft structures subjected to large
deformations and to demonstrate this capab<lig,
by determinina the plastic buckling an collanse
resporse of sucn structures under impulsive
loadings. Two specrfic computer programs nave
been developed under the neneral aviatior ¢rash
dynamics program and have been discussc:
previously in this paper. One called, DYI257,
is a finite element program which focuses on
modelling concepts applicable to large dvnaric
deformations of realistic aircraft strultures;
and the other called KRASK, is a versatile
Tumped-mass comouter Drogram which madels the
gross behavior of the total aircraft structure.
Both of these programs have specific strengths
and weaknesses deoending on the particular
nonlinear protlem that is being addressed. EBoth
have been evaluated in the general aviation crash
dynamics program, and will be used to mode’
transport aircraft strycture. <t

Occupant/Seat/Restraint System. As mentioned
previously, the occupant/restraint system model
of SOMLA is being integrated with the dynamic
finite element DYCAST program for increased
versatility. The new prooram, called DYSOM, will
be used to predict the structural response and
occuypant behavior of fylly or partialiy loaded
multi-occupant transport seats under specific
crash loadings.

8oth the structural and the occupant-seat
proqrams will be updated to include advanced
material mpdeling to accommodate the newer
composite materials anisotropic properties in
a macroscopic sense. However, much research
work needs to be conducted on vost-buckling
composite behavior characteristics before an
adequate representation of composite failure
mechanisms can be predicted

A1l of these structural predictive methods
will be compared with full-scale and component
testing of representative transport struCture.

Proposed Full Scale B-720 Transport Crash Test

In order to corroporate analytical predic-
tive methods, test crashworthy structural design
concepts, and verify the performance 0f anti-
misting kerosene additives, the FAA will conduct
a full-scale transport crash test in 1984, The
proeposed test specimen, an FAA B-720 four engine
jet transport with a 160,000 kg (350,000 1bs}
takeoff weight will be crash-tested, by remote
control into a designated impact site. The
crash scenaric will be one selected from thne
accident data studies. Provisions will be made
for the structural failyre of the inboarad fue!l
tanks, to take place at maximum approach crash
speed, to provide an adequate time period for
the testing of the anti-misting kerosene. The
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cacie dnter e Wt ove Oy tnstrymerted and wo T
contare becr gtandard and (rasnacriry sedt d4esigr
witr fo10, hste mentel antNrGpoOmorLnI s dutriies
Crashwacte, stractural floor tectures will be
assesseq durina the munitores Crast sejuente Ir
adortion, oyrotecnras egress destce corcepts wi'l
be evaluated ana €.acudtior slide tecnriduéc
verifie¢,  Tnp B-700 crasn test preograr time Irar?
15 qiven ir Dlock fornm ir fiqure 10 Tne 8uch
represent ~ajor onaoing activities that are o

nart of tne preparaticon and assessment pxeriisec
associated with the full-qcale crasnh test. sCten-
uled tentative', fnr the summer of 1984

A ces of ohtectives assoctated with thre
different crasnwirth, research areas have beer
identified in t'e proposed B-720 full-scaie crase
test clan These three Ccrasnworthy research
areas are structural arrframe anc seat resporce,
anti-misting kerosene performance characterlatics,
and cabin ‘ire safety materials testing. They
are discussed briefly in the following sectrurs

Structural Airframe and Seat Test. "he
objectives of the structural airframe and sea:
tests are as folizws: {a} to define dynamic sea’
pulse data 1n the form cf acceleration time
histortes at the seat/floor interface, L) to
measure acceleration time-history data throug” ..t
the cabin interior for comparison with nonlinear
analytical predictions of structural behaviur arz
to determine the Yevel of injury by acceleraticr
indices, {c¢) tc determine accuracy of current
flight recorder data, (d) to assess current and
improved seat/~estraint system/floor behavior,
and, (e) to determine structural deformations an:
failure modes.

Anti-Misting Kerosene. The FAA and NASA
are heaviTy tomitied to the research ape
development of an anti-misting fuel additive, which
has the potential for precluding the development
of the fine mist and associated fireball resuling
from fuel spillage. In addition, this additive
should exhibit the potential for allowing restcra-
tion of the filtration and atomizing characteris-
tics of the fuel, a major requirement for aircraft
engine and fuel! systems operations.

The oroposed B8-720 full-scale test utilizing
the anti-misting additive will afford the
participants an opportunity to: f{a) evaluate
the performance of the additive's in-flight enqgine
burning characteristics, (b) determine the
additive's compatibility with aircraft engines; and,
(¢) determine “lammability and pluming charac-
teristics 1n a post crash environment.

Cabin Fire Safety. The cabin fire safet,
area has as i1ts overall objective characterization
of aircraft cabin hazards created by externa!l
fuel fire especially the contribution of interior
materials, and to increase the survivability and
safety of occupants in the event of a cabin fire.
The proposed B-720 crash test could provide a test
bed to evaluate the effectiveness of interior
materials as fire retardants when exposed to 2
fire 1n a second phase fire test with the ayrplane
at rest.
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Concluding Remares

The FAA, NASA, and induStry nase ir:trated
a transport crash dynamics progran te Jevelsd
technoloay to define and demonstrate new
structural concests that will enhance uassenger
ard crew Survivability by minimizing crasn force
trauma and the potential fire hazard causea by
fue! spillage. This technology will fachilitate
tne intearation of crashworthy structural gesign
concepts into transport desian metheds and w'il
consider airframe, seat, floor, fuel tanks ang
landing gear benhavior. In addition, tne potentia)
of anti-misting kerosene additives t¢ reduce the
fire hazard are to be determinea as well as the
additives compatibility with aircra®t engines

The dynamic nenlinear behavior of stryctural
components will be determined analytrcally and
verified by full-scale and scaled dyna~ic tests.
The nonlinear analytical techniques developed
under the general aviation crash dynariss preogram
will provide a foundation for application to
metal transport structure. Consideration of
advanced composite structural materia’s ard their
affect on structural behavior and failure
mechanisms will be studied and design tools
develoned to aid in future transport airplane
desian.

In the develooment of transport crash
scenarios, a thorough evaluation of accident data
will be made to provide a fundamental under-
standing of occupant injurv mechanisms and
aircraft structyral response. The effort will
be a ccntinuino one, with both industry and
government participation and should provide 3
data base from which design philosophy can
evolve. Close cooperation with other governmental
agencies 15 being maintained to provide data on
human tolerance limits concerning the magnitude
and duration of deceleration levels, toxicity
Tevels, and heat exposure.

T5 date, the U. S. Army experiences indicate
that crashworthy design technology has been a
most oroductive art not only in reducing
injuries/fatalities but 1n achieving tnese bene-
fits economicallv. Throuah continuec research
and development efforts of governmert and industry
significant qains can be achieved in reducing
transport crash hazards by crashwcrtny design
technologqy.
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Table 1. Ceiling Suspended Seat Comparisor

Impact Parameters
vertical, 12.8 m/s
GmaX = 34, 7 = .066s
307 Pitch

Sled Test DYCAS ' Mode)

Upper E£/A

Stroke 22.2 ¢m {8.75 in)  22.9 ¢m (9.0 in)
Lower E/A

Stroke 0.0 0.0
Shoulder

Harness

(Total) 3251 N (73 b} 3398 N {764 1b)
tan Belt -- 5026 N (1130 1b)

Accelerations, Body Axes (6)

Forward

Pelvis 16.0 6 22.06
vertical

Pelvis 2576 26.0 6
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Absrract caft moiude ctali spin and emergenaoy anding or usprepates ten d
rain The percentage o1 oocupiable space :n large transport: goe 1
Dilleren esar 1he crask envisenments and desigh aspets we ol eqcee. s that of smalier sireratt Furthermore cocunaniv et 1oy 4
influence ocupant sunvivatilits in mulitary and (ommersial 4 difora*t ate much Ctoser o the artrame terran amyact point .. |
1 cratt are discussed  Avarlable ansbyticar te himigues 101 assessiny 10 obuoas airtrame construchon datterences The crast puose Rl
| structural behavior dunng s crash are descnbec The sppi, eaperensed by 1Fansport Ovcupdants vanes dlong the lergts 0 q
b of a hybnd technique i assessing w.rorall struoturgl behavior and Tusclage mureso thar do the puises tor the smaller girera!s [
L trends 17 crash environments 1s provded  Kepresentative matie- “
3 matical simulations of wircraft crask tests and correlation with Trne crash environment for miltian helicopters o Jedar, 4 K

Q3 percentile sunivable crash puises in dilterent directicor

Lotit a8

- w——
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Lght fined-wing and rotany -wing airratt test results are shown
The results of a recent FAA NASA sponsored researct program
involving the review of transport accidents from §04-74 4nd tre
formulation of potertial crash stenanos te be considered with
future anaivsis and test venfication are presented Current and
future analy tical modei studi2s to ascertair the crast dynamics of
targe transports are also discussed

INTRODUCTION

In the 1955-1968 era. a popular approach 1o s determination
of arrcraft structurai crash design capabibits was to perform full-
scale crash tests  Tests of this nature are extremels expensive
particularly as the test article increases 10 size. such as current
wide-body jets have. In addition to cost. the test condihions are
not repetitive. the r=<u'ts are haghly dependent on the impact
conditions, and airpiane configuration. as well as measurement
selection. consequentiy. essentially only one test parameter dats
set per testis avarlable  Unfortunatehy dunng this tme penod
there was hmited correlation with analysis and extrapolstion of
the test data. However the 1970s witnessed significant advances
in computer modehing of nonlinear crash dynamic behavior both
at the substructure and airtrame fesel  In particular. hyvbnd tcom-
oining anaivtical and empincal data) and finite element techruques
have had the opporturuty to be correlated with test dats generaled
for the purpose of venfyving and improving the analy tical methods
This paper descnibes differences in the crash environment assour-
ated with vanous categones of aircratt. discusses experimental
verification of hybnd analysis with light fived-wing ang rotan -
wing aircratt. and descnbes efforts to develop analy tical techmques
for transport asrcraft

Crash Environment

The definition of the crash environment is essenuial before any
arcraft crash dynamics capability can be determined Unforty-
nately, no single crash environment s apphcable to all aircraft
Size. speed. configuration. and operational aspects associated with
arcraft influence the crash environment  No umversal definition
of a crash environment 15 therefore possible  Descnptions of a sur-
vivable crash can include veloaity envelopes. crash pulses, crash
load factors, and crash scenanos Companson of the survivable
crash environment and responses of the structutes indicates sigmf,
cant differences between small and large aircraft  The survivable
large transport accident usually occurs around airports at flight
path veloaties below 1 S0 knots and vertical descent rates at less
than 20 {t sec  These condinions are normally associated with
such landing and take-off operations as landing short overruns
and skidding off the runway  Smaller aircralt. such as helicopiers
and general aviation arplanes. have fower jongitudinal velodities
but higher vertical rates of descents during 4 crash condition. they

*Senior Research Speaalist

Retensed 10 AAA 10 publish in 8t tormy

was establisned for U'S Army helicopters on tne buas 00
accidents that occurred between the time penod Juiv 196y

June 196t |r 5 recent update of the LS Arme g v
. 1
Design Guide: 2} the recommended design ensironment w1

sented as the design puise  Although the <rask envirenme:
wdentizal 1o the tustoncal 95th percentile sunivable cras .
the 'S Army recognizes that improved crashworthisess o rease
the seventy of the survivable crash, thereby produvirg s rever
ending increase 1n the level of crashwortniness ! the vapens-
arcraft performance The US Army defines a sunnaleny -
Iope‘i:l as “'the range of impact conditions  including magei.de
and direcion of pulses and the duration of torces oo ury £
arcraft acaident - wherein the occupiable ares 0! the aroran
remains substantialhy intact. both qunng and foiicwing e mpal
and the forces transmitted 10 the O uparts do not exered ‘re
Iimits of humar tolerance when curient state-ol-the-asi restzamt
systems are used © The U'S Army desigr pubes are apsiatic
all aurcrattan a given categon regasdless of weight und operstiong
requirements  Figure 121 shows 4 three-dimensiona: enve IR SIS
combuned tongtudinal. lateral and vertical veleaty 131 seor Larges
for hetizopters

Fig 1 Three-dimensional display of desigr veloat.
change envelope for heticopters

Laght fixed-wing igenera) aviation ! aircraft weighing & 12 S0
pounds operate at speeds up 10 2R0 Arots varn 1o 17 paee -
have one of two engnes and have a low- or hugh wirg (onigure
Bon  Aircralt of thes type can beapvohed i stalls groune (ol
sions and callisiors with obstacles Acadentd 1 rave oo urred
O ferrains that are flat (> 407 rolling tae 220
t2 1 Rk o= R Ty or dense wath trees cx 9 ard al wirperts

tomeuntanous
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are provided in FAR 2¢ Set T FAR IT %0 gt Ak
20 361 T respeciiely A the s tuane tor Lgnts soratt om
Structur: must be designed 10 give eacr 1L upPant eyens Trdse
chance of escapingnjuny 1n 3 mMinot vrash landing Recent
n-depth studies! ™ 20T (oirge transport scaidents aver tre
most recent 20 vear penod revealed that while no acarderts are
dlihe 10 every respect. thete are hroad simulanties for grouns of

azcidents These umilanties sliow {or a rational arrangzment ot

hundreds ot acardentsinte o tew candidate crash scenases as .
depicted in Table | Accidents that are inttiated wher the airirgt:
15 on the gound and where no unpredictable hazards are invahved
are rarely fata: Conversely whern impact occurs at high speed any
with 3 large tmpact angle. as accidents away {rom airports nften Je
the accident has 3 hugh probabihry of fataists  In betweern the
extremes the outiome, in terms of oocupant survisabihtn Jdepends
on the surrounding hazards  Figure U9 shows the distnbaticr o
the seventy of acoident versus acaident type  There are distino®
everts that can owcur dunng 4 transport airplane a.aidernt The

T-ble | Identification of candidate crash scenanos
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. e ateust e related events note i - beapare 4 Theae
test whichgte noted 1n Table 2 cover o range ~t smlanes up ¢
D8 O poundy Grose Tane-of ! Weignt and roovcde some insgr
o possible trendy The trend would appzar & be 1o e .
responses (o decrease in peak magnitude and initease 10 pulie 3y
ton a8 airorafl mass dsize s increases, as s noted or Table 3 und
Figure & Hewever trusis a farhs general statermer: sinve the
respanse car be exvpected t¢ van along the lengts of the tuselsgy
Fagare toallustrates thus poant as well 38 the sensimaiy of the
respanse magnitude to impadt angle Unforturately for transpar
airplanes crash test data are imited  The largest airplane crash
tested weighed 159,000 pounds which is substantially fower tha-
mary current transport airplanes particularly tre wide-bodied jers
1t s unbikels that many larger aircraft wil! he fujiscale crash
tested 1 the near tuture  Consequently tis antiapated thy
anals Lical methinds are a viahte altematine to detemune Lryst
dynamics charadlenstize of transport asrplanes

KRASH Expenmental Venfication

The crash ary s of Light ﬁ\cd»\nng] 1! and rotan \nng‘ e
&roratt using program: ARASH a bvingd digits’ Computer pro-
gram which sohves Fuler equation< uf mation 1ot Nonterconnetey
masses eack with a maxirum of ux degrees of (reedom The pro
grar has met with generai acveptance with gereral aviation and
“eicopier manuiaitarers acic attested to by tng current targe
number of KRASHR users Figure 71 HT ghows tre postampa:

LA nvbnd model slowe the user the Sexbility 1o utilize availat «
INtOTMaAton expenmental of analvticalr the development o
the Structure representatomn

S augtable treupt e FAA
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Fig 4 Filow disgram candidate crash scenanc

configuration 1or 3 combined vertical (23 f1 sevy and latera!

118 S 1t sect tulb scale crask test of g utilits 1 pe heliwopter  Fig-
ure 5 ED Shows the post-impact configuration (o1 tour full-scale
crash tests of g single-engine high-wing general aviation aircraft

Table 2 Summan of transport airplane fixed-wing
crash test conditions
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e 802 AL}
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11848 72027 1189 0001 824 NM0 L]
33% 1100, 20
ocy 8288 122 000" 612 12208 [
, a3 a7, 20

“MAY TAKEOFF WEIGHTS TES™ WEIGHT NCT STATED

tvpe  In both crash test programs hugh<speed furm. avceleromete:
recorded data and deflection measurements were used to voffeate
test and analysis results  The test condihons for the fived wing
aireraft are provided im Table 4 The aireratt configuratios tod
i Ergures " and & were used 1o helpvents prograr KRASH 5o
analy tical toal tar crash dy namyes

Table 3 Comparison of peak decelerations and duratiens

: LONGITUDINAL APPROTIMATE
DECELERATION OURATION
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SECTTON Y

RECENT STUDIES OF THE BEHAVIOR OF COMPOSITE MATERIALS
AND STRUCTURES UNDER STATIC AND/OR CRASH-T1MPACT CONDITIONS

Y

The literature on composite materials and structures has undergone an
explosive growth especiallv in the past 10 vears of the past two decades,
Very extensive studies on the mechanical, failure, and postfailure behavior
of many types of materials, layups, and structural arrangements have been
investigated and reported f{or manv types of static, dvramic, impact, and
loading situations. Very significant advantapes and improvements have
been demonstrated by the use of composite materials and structural concepts
3 to replace former all-metallic construction in both secondary and primary
‘ structures.,

laa ecdiana a anma.

1
1
d

Because of the vastness of the composite materials/structures literature,
it is feasible in this review to call attention to only a few of the more recent
developments reported in the literature. 1In particular, attention is called to
the following three volumes of recent technical papers [22, 23, and 24,
respectively]:

1. lenoce, E.M,, Oplinger, D.,W., and Burke, J.J. (Editors), Fibrous
Composites in Structural Design, Plenum Press, New York and London,
1980.

2. J.R, Vinson (Editor), Emerging Technologies in Aerospace Structures,
ASME, New York 1980,

3. T1.H. Marshall (Editor), Composite Structures, Applied Science Pub-
lishers, Ltd, Essex, England, and Applied Science Publishers, Inc.,
Fnglewood, New Jersey 1981.

Akt Bl bty sy

In addition,the Journal of Composite Materials has reported many valuable
developments in the past 15 years,

In the following subsections,brief reviews of selected papers from these
sources are given. These topics include: (a) crashworthiness tests of com- -
posite fuselage structure, (b) impact resistance of graphite and hvbrid con- .4
figurations, (c¢) the effects of elastomeric additives on the mechanical pro- )
perties of epoxy resin and composite systems, (d) unsymmetrical buckling of ]
thin initially-imperfect orthotropic plates, (e) finite element analvsis of
instability-related delamination growth, (f) elastic-plastic flexural analysis
of laminated composite plates, and (g) behavier and analysis of bolted joints
in composite structures., There are, of course, in the literature many papers .1
on each of these topics. Those chosen for this review are considered to be
reasonably typical of the current state of the art., Also, the topics selected
represent only a small portion of those pertinent to the mechanical behavior
and analysis of composite-material structures under loading conditions simulating
crash-response conditions,

o o - 1
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3.1 A Crashworthiness Test for Composite “usclage Structure

Fove, Swindlehurst, and Hodges [25] report the results of an experimental
investigation of various structural! and material concepts seekingy to obtain
improved crashworthiness for composite fusclage structures., Static failure
and postfailure tests were conducted as a i vivono for future dvonamic crash-
impact tests to be conducted on promising . oncepts, Highlights and excerpts
of that paper are summarized in the following; all figures and tables are

taken directly from Ref, 25,

Composite materials are being considered for application to primary
fuselage structure, Tt is essential that the energy absorption capacitv of
the composite be as good as that of metallir construction., The complex response
of composite structures in the crash environment is difficult to determine
analytically and expensive to determine experimentallv., 1In (23] an inexpensive
test method is proposed for the quantitative evaluation of different material/
structural configurations with regard to their energv absorption capacity.

The test specimens are cylindrical shells 9 inches in diameter and 18
inches long. Some specimens are hat stiffened while others are of honeycomb
sandwich construction, The materials used are aluminum, graphite, fiberglass,
and Kevlar 49, The cylinders are axially compressed and their load/deflection
curves determined., The areas under the curves are the energies dissipated or
absorbed during crushing.

The stiffened composite specimens absorbed less energy than the aluminum
specimens. Stiffened and sandwich aluminum designs performed comparably. The
sandwich composite specimens performed considerably better than the stiffened
ones but failed to match the performance of aluminum. It seems that additional
energy absorption must be incorporated into the design of composite fuselages
to match the performance of comparable aluminum fuselages.

Crashworthiness design has many facets, Among these are fuel containment,
seat design, landing gear design, body restraints, flammability, smoke toxicity,
flotation equipment, peak deceleration, preservation of occupant space, design
criteria, soil scooping, crew escape systems, etc. DPresent attention is directed
only to the capacity of the fuselage structure to crush near the point of impact,
thereby dissipating the kinetic energy of the vehicle.

There have been numerous investigations of the various aspects of the energy
absorption problem within the scope of structural dynamics, static analysis,
structural testing, materials engineering, etc. Fach of these investigations
is inevitably deficient in some respect. For example, material data alone do
not reflect the strengths or shortcomings of the design concept. Analvsis
methods are of questionable reliabilitv for this class of problem, and full
scale testing is very expensive. TIn [25 1}, however, the authors propose a
standard test specimen and large deformation compression test procedure which
is simple, economical, and sensitive to materials selection and design concept.
It permits the quantitative evaluation of scveral important material/design
configurations of practical importance in fuselage configurations with regard
to their ability to absorb or dissipate energy.,

The most popular choice of test specimen to simulate the response of heli-
copter or fixed wing fuselage structures is a circular c¢vlinder or truncated




Cufth Al (AL (i i ot

.v
R |

v

[

|

I A N~ T e A A A L L A S - ® s W wW W W WY RN e = =

cone, Both are reminiscent of forwars tuociase Shares and Poth are practical

test articles., Presentle the cvlimivion] coneioeraeion Loten Yor testing.,
The evlindrical specimens in the o co 0 were P9 doche o bone and Y inches

in diameter.  The former dimension o oottt ndeal distanice between

frames in a carvoe helicopter fusclace, Do cdroame rence o anprosimatels

four times the tvpival strincer s;o o inc. lhree deo foa concept s were tested:

internally hot stiffened with sotid voin, o it ool 0T rened concept,

and an unstiffened honeveond sandw i devicn,

i B

N N il —

Internally Externally Honevcomt
Stiffened Seiffencd Sandwict

Figure 3,1, Test Specimen Concepts (Ret, 20)

All of the specimens were required to have an ult imate compression
strength of at least 20,000 lbs. and an initial torsicnal stiftness of at
least 100,000 1bs. per inch of circumference. The external stringer concept
is not practical in fuselage but it does facilitate the observation ol
stringer behavior,

The longitudinally stiffened cylinders had tour Lot stifteners spaced
an® : . . : ‘ o .
equally (907 Intervals) around the circumference while the sandwich specimens
all used .25 inch thick aluminum honevcomb core ot 6 pet densitv. Loagd-
. . - . . . ) - 1 i

tudinal joints in the aluminum specimens were all spaced %0 apart and were
located at the stiffeners so that svmmetrv was mointoived,  FHach test specimen
wias potted at each end in an epox+ compound to prevent odoc splitting and
delamination (Fig., 3.2).

At least four different material combinations wvere nsed with cach of the
three design concepts. For each, a metal base line ~necimen was constructed
from 2024-T3 aluminum. The skin thickness was o2y and 0.012™ for the stiffened
and sandwich specimens respectivelv, while the alumivum stiffoner thickness was
0.032", The stiffened aluminum specimens were riveted topether with protruding-

head aluminum rivets.
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Figure 3,2, Some Stiffener-Joint Concepts (Ref. 25)

The composite specimens of each design configuration used three com-
binations of materials: all fiberylass/epoxy, all graphite/epoxv, and Kevlar
49 combined with graphite/epoxy. The fiberglass specimens were constructed
of Narmco 5208/E7781 woven prepreg with (+45°) skins and (0/90) stiffeners.
The graphite specimens used Rigidite 5208/T300 tape. The skins and stringers
were (#45) and (0) respectively with Harmco 5208/Kevlar 49 fabric added to
the stiffeners to prevent splitting. The graphite/Kevlar 49 specimens used
Narmco 5208/Kevlar 49 ( 45) for the skin panels and Rigidite 5208/T300 tape
(0) for the stiffeners. The hybrid sandwich cvlinder, the same above mentioned
graphite and Kevlar 49 materials were plied together at (0) and ( 45) respec-
tively. All composite specimens were cocured.

Aluminum Composite

. -
UL ey
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Figure 3.3, Internally Stiffened Specimens (Ref. 25)
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Two additional test specimens were constructed which intentionalls
dittered tfrom the specitfications siven above, ne was a Hevlar skin/graphite
external stiffener desivgn while the cther was o Reviar ckin/alusinum external
stringer design.,  The tollowing table contain o suammare of the naterial /desien

combinations of each test specimen,

SPEC. [ rope [ SKIN SKIN STIFFNTS VR CORE JOTNT FIBER ORIEN.
NO. © ] MATL. [ THICK. (TN)] MaTL. THICY, (IN)| MATL. | concerr [ SKIN | STIF.
TA 15 AL 0.025 AL G.732 R
1B IS FG 0.050 G G.uEn E L5 0/96
1ic 15 FG 0.050 FG 0.0A0 B =45 0/9¢
{ D 18 GR C.032 GR /K¢ 0070 B =45 0/245
b 1E I8 GR £.032 GR/KA4G 0.07C B -u3 0/=45
i IF 18 K40 0.050 GR/K4G 0.070 B S45 0 0/:43
| 16 s K49 0.050 GR/ESS U070 B 145 0/z245
| @ 1A ES AL 0.625 A c.032 R
» I1B ES FG 0.050 FG ¢.060 B 45 0/%0
' 11C ES GR 0.032 GR/K49 G.070 B =45 0/%45
3 11D ES K49 0.050 GR/K4S 0.070 B 45 0/=45
b 11E ES K49 0.050 GR/K&S 0.076 B&R =45 0/=45
’ IIF ES K& 0.050 AL 0.032 B&R +45
[, IIIA  HS AL 0.012 AL R
' ® I1IB  HS FG 0.060 AL B 0/90
I1iC HS GR 0.048 AL B 0/+45
111D H5  K49&GR 0.060 AL B Q/+45
IS - Internal Stringer B -~ Bonded FG - Fiberglass/Epoxy
ES - External Stringer R - Riveted GK - Graphite/Epoxy
HS - Honeyvcomb Sandwich AL - Aluminum 2024-T3 K49 - Kevlar 49/Epoxy

The test procedure involved placing one of the cvlindrical specimens between
the heads of a hydraulic testing machine and slowlv compressing it axially until
it was approximately one-half its original length, An initial 1000 1b, load
was applied to securelv seat the specimen to the heads, The total axial load
was measured with a load cell and the output continually plotted against head
motion on an X-Y recorder,

Typical specimens were loaded to ultimate strength at roughly 0.U4 inches/
minute of head motion, and at 1 inch/min. beyond ultimate load. Within this
range of testing rates the residual load carrving capacities of the specimens
were insensitive to changes in rate. These rates are several orders of magnitude
slower than those experienced in crashes, however.

A tvpical plot of compression load vs. relative head motion is given in
Fig., 3.5. Buckling of the skin was alwavs evident prior to the attainment of

.

J peak load for the stiffened cvlinders but not for the sandwich cvlinders,

: When ultimate load was reached, there was a sharp and pronounced decrease in
:" the load level, The failed cylinders invariably continued to support load in
: a spurious manner as fractures progressed., Despite the leoad irregularities

: in this region, an average post-ultinate load carrving capabilitv could easily
. be discerned, This load level bepan to increase only when one or more of the
X broken stiffeners made contact with the end epoxs potting compound and began
b. to support load again.

i

.

: With the observation that a loecalized volume of material undergoes the

' primaryv fracture and deformation it muw be surmized that the encrgy absorption
L@ )
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Figure 3.5, Tvpical load-Deflection Curve (Ref. 25)

rate is independent of specimen length but is approximately proportional to
the circumferential distance around the specimen, This measure of performance
cannot be separated from cvlinder design details, however. Thus, the energy
absorption rate is not a pure property of the material/design configuration
alone,

Results for Stiffened Cvlinders

Each of the four basic material configurations (aluminum, fiberglass,
graphite, and Kevlar/graphite) behaved similarly up to their ultimate strength
levels., At approximately one-half ultimate strength, each cylinder began to
show evidence of skin buckling near the epoxy ends and between the stringers.
This initial pattern developed into a diamond pattern between the stiffeners
as the load increased. The slope of the load/deflection curve decreased with
increased buckling. In several tests, an audible noise and altered external
appearance indicated that one of the stringers had buckled or failed or de-
laminated from the skin. This was immediately followed by the remaining
stringers failing in rapid succession and the load reduced to a fraction of
its peak value. TIncreasing the average compression strain beyond this point
had different effects on different materials. The aluminum cylinder creased
at the flexure lines of the buckling pattern., The bent stiffeners ripped the
skin and the skin tore itself at the crease intersections (Figs. 3.6, 3.7).
Progressive local crippling of the stringers and rolling of portions of the
hot sections are apparent., The peak load level of the aluminum specimen was
27,750 lbs, (Fig., 3.9).

The fiberglass cylinder reached a peak load of 36,850 lbs, before the
skin fractured around the circumference in a jagged pattern., Interference
between the stringers and skin caused a cutting action at various points and
resulted in large pieces of the skin petalling and bhreaking off (Fig. 3.8).
Compared to the aluminum cvlinder, the post-ultimate load capacitv was much
lower. Parts of the stiffeners remained intact with some completely detached
from the skin,

The ultimate load tfor the granhite specimen was 24,340 1bs,  The salient
post-ultimate feature ot this test was local circumterential cracking of the

skin. There was extensive separation of the stiffeners trom the skin accompanied

by longitudinal stiffencr splittine.,  The wraphite cvlinders had the lowest
puost-—ultimate load capacity of 4ll the specimens tested,
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The graphite sandwich specimen failed at 39,561 1bhs, as a result of
circumferential skin cracking or buckling. The post-ultimate behavior was
characterized by cusping of the skin at the points of fracture and progressive
delamination of the skin from the core., Fneryv absorption was much higher
than that of the stiffened cvlinders.

Similar response was observed for hvbrid Kevlar/praphite sandwich design

(Fig. 3.12), However, unlike the corresponding stiffened cvlinders, considerable

tearing of the Kevlar was observed.

The ultimate and average post-ultimate load capacities of all specimens
are summarized helow,

Test Specimen Load Carrying Capacities
Material/ Ultimate Avg Post-

Specimen Concept Load (1bs) Ult. Load (1bs)

IA AL/1S 27,750 9,000

1B FG/IS 36,850 4,000

IC FG/1S 41,900 2,300

ID GR/IS —-——— -—

1E GS/1S 24,350 850

1F K49/GR/1S 26,700 850

1G K49/GR/IS 23,400 900

I1IA AL/ES 29,000 5,000

IIB FG/ES 22,500 1,200

1IC GR/ES 26,700 1,000

IID K49 /GR/ES 22,950 | 1,600 __

11E K49/GR/ES* 22,550 1,850

IIF K49/AL/ES* 21,450 4,500

I11A AL/HS 59,950 9,400

1118 FG/HS 112,500 8,200

I11IC GR/HS 39,500 5,600

IIID K49/GR/BS ! 33,600 6,400
*Bonded and Riveted
IS ~ Internal Stringer FG - Fiberglass Epoxy
ES - External Stringer GR - Graphite/Epoxy
HS - Honeycomb Sandwich K49 - Kevlar 49/Epoxy
AL - Aluminum

The skin/stiffener tests show conclusively that unless energy absorption
requirements are a design consideration, conventional sheet/stringer aluminum
construction is superior to composite sheet/stringer construction regarding
compressive enerygy absorption characteristics.

However, honevcomb sandwich composite skins fared much better in com-
parisons against aluminum., Thus,it may be possible to match aluminum crash
energy absorption without serious weipht penaltyv, These conclusions are
summarized in TFig. 3.13.
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3.2 Impact Resistance of CGraphite and Hybrid Configurations

Labor and Bhatia [26] report the results of impact studies on various
thin and thick laminates of graphite/epoxy and hybrid configurations. High-
lights and excerpts from that paper follow.

The effects of configuration variations on the impact resistance of
graphite/epoxy laminates is discussed in [26). These effects were evaluated
by conducting tests on monolithic panels of .04" to ,18" thickness and sandwich
panels with face sheets of thickness ,02" to .5". Additional tests were also
conducted on ,5" thick monolithic panels typical of aircraft wing structures.

Several materials were investigated to determine their effect on the
enhancement of impact resistance of baseline panels. Plies of ductile
materials were added to the base graphite/epoxy panel and, in some cases,
parts of graphite/epoxy plies were replaced by woven graphite/epoxv.

Impact tests were conducted using a falling weight with sharp and blunt
impactors, strain-gauged to give force-time histories during the impact
sequence. From these histories, the absorbed energy histories were calculated.
Acoustic scans and photomicrographs of cross sections were made to determine
the extent of internal damage as well as to identifv failure modes.

Internal damage occurred for impacts causing little or no visible
exterior damage. Thin laminates had more back surface damage while thick

laminates had more front surface damage for damage near the visible threshold.

Impact damage has been shown to cause significant strength losses for

composite specimens., However, the strains to failure for impacted specimens
are usually above permissible levels currently adopted for design, which are
limited by effects of fastener holes and moisture and temperature on matrix

properties,
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Low velocity impact studies were conducted using instrumented impactors
to obtain force and energy values during impact. Several geometric config-
uration variables have been investigated including panel size, inpact location,
impactor size and shape, panel thickness, type of edge support, and variations
in mass and velocity of the impactor,

Laboratory procedures for simulating impact damage employved three separate

impacting systems. A conventional drop tower was used for low speed impacts

up to approximatcely 5 feet per sec. on laminates of thickness 20.Z25 in. For
.5" thick laminates, a falling mass in a guide tube was used at velocities

up to 20 ft, per sec. Both the drop tower and guide tube assemblies used
instrumented impactors. A gas gun was used to fire various projectiles to
simulate foreign object impact at velocities up to several hundred feet per
second.,

The drop tower was a DYNATUP Model 8000A. Tt is a gravity driven device
with remote controls for release of the hammer and impactor.

Interchangeable impactors were mounted on the hammer. Semi-conductor
strain gauges attached to the neck of the impactor gave a continuous measure-
ment of the contact force between the specimen and the impactor over a period
of milliseconds. Integration of the output gives the energy absorbed by the
specimen at any instant during the impact.

Most panels were impacted at the center of the five-inch square unsupported
area and were impacted four times, once in each bay of the support fixture,
with the depth of penetration varied from through-penetration to that causing
slightly more than incipient damage.

Foreign object damage studies were conducted with a 1.18 in. diameter gas
gun, consisting of a launcher system capable of sabot launching projectiles
at velocities from under 100 ft/sec. up to several thousand ft/sec, The gun
employs rapid expansion of a highly compressed gas to accelerate the sabot
out of the launch tube.

Projectile impact velocity was measured by two laser beams placed along
the trajectory at a predetermined distance, A high speed camera was used to
determine projectile impact and rebound velocity and to record projectile-
panel interaction.

Both impact velocity and angle of incidence were varied and several
types of projectiles were used including glass and steel spheres and a
granite projectile machined to be cylindrical with conical ends.

Three types of specimens were fabricated and impacted. These are
(a) "thin laminates" up to 32 plies (0.176") thick,(b) "thick laminates"
(0.5" thick),and (c) "improved concept" laminates in which material or con-

figuration was changed to increase impact resistance,
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Table 1. Concepts for lmproved Impact Resistance

ADD: S-Glass cloth (surface and interleaved)
Kevlar cl -h
Nylon cleoth
Kevlar phenolic (precured)
REPLACE ALL PLIES WITH:
Woven Gr/fEp (HUMF-133/3501-6)
Woven 10% S-Glass hybrid
Woven Gr/Ep (HMF-134/3501-6)
REPLACE TWO SURFACE PLIES WITH:
Woven CGr/Ep (HMF-133/3501-6)
Woven 107 S-Glass hybrid
MISCELLANFEOUS CONCEPTS
Foam adhesive at core
Increased core density

Stiffeners: Foam fill/stapled

EXPERIMENTAL RESULTS

Thin Laminates

The larger panels, or ones with more flexible edge supports, tended to
exhibit more flexual deflection during the impact, and as a result, more energy
was absorbed prior to the initiation of damage.

Limited tests were made on a few boron/epoxy panels. Comparable impacts
against boron and graphite panels indicate that the boron panels absorb less
energy to cause incipient damage, evidently the result of stiffer filaments
which allow less flexual energy dissipation. Damage typically consists of
matrix cracking with no fiber breakage. The damage in the boron panels tends
to be more localized with less delamination or splintering away from the point
of impact.

Stiffened panels were impacted over the stiffener attachment on the side
of the panel opposite the stiffener. The stiffener debonded slightly at in-
cipient damage, and at more severe loading debonded over an extended length.
Incipient damage for the riveted stiffener consisted of minor matrix cracking
in the stiffener at the rivets adjacent to the impact. The riveted stiffener
absorbed 43 per cent more energy at incipient damage and also snowed a less
critical type of damage, and is therefore considered superior for impact
resistance. The effect of the rivet holes on the panel strength may affect
the choice of stiffener attachment for a specific application.

All sandwich panels had a core thickness of 0.5 inches. Incipient damage

for these occurs at very low energyv levels. Local crushing of the core occurs
first but face sheet cracking and delamination also occur at low energy levels,
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A comparison of an eight ply sandwich panel having 6,1 pet core with
an eight plv monolithic (non-sandwich) pancl indicates that the monolithic

panel absorbed nearly five times as much energv to initiate damase. In
the monolithic panel, the initial damare ovccurs by

splitting the back face

between the fibers, thus requiring more eneres than to crush the honevcomb

in the sandwich panel,
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Foreign object damage testing was conducted to determine whether high
velocity impact would significantly affect panel impact damage., All FOD
specimens were six inches square and were clamped in a fixture which left
a five inch square unsupported area, Impacts were conducted on ecight-ply
and 16-ply monolithic panels and on aluminum honeycomb sandwich panels with
four-ply and eight-ply face sheets., G(lass and steel spherical projectiles
were used as well as cylinders of glass or granite with cone-shaped ends.
Projectiles were 3/8 inch and 5/8 inch in diameter., Both 90¢ and 45° impact
angles were used with velocities ranging from 52 ft/sec to 480 ft/sec.

Photomicrographs of cross sections through the impact areas were made
for several specimens to observe failure modes (Fig. 3.16).

epagt

BPLIES GREP 1= 450 90, 8FLIESGR EF 1450 901,

Bl M7 IMPACTOR AT CENTER OF 5 INCH SUQUARE AREA SHARP IMPALT R AT CENTER OF S t%CrH SQUARE AREA
TLYED ABSORBED ENEHGY - 1 24 F7-LB TOTAL ABRSORBED ERt oy 043¢ T LB

N HIENT DAMAGE INDICATEO AT OBFT LB: UNCIPENT DAMALE W OLATED AT D40FT LB
UAMAGE NOT viSIBLE ON IMPACTE D SURFACE DAMAGE NOT VISIBEE ON MPALTE L GURFACE

SolGMT MATRIX CRACK ON BACK F ACE SUiumHT MATR A (AR ON BACK FACE

Figure 3.16. Photomicrographs of Impact Areas of 8-Ply Panels (Ref. 26)

Although delamination is probably the dominant failure, considerable matrix
cracking is also evident, and broken fibers can be seen in internal plies
even though fibers are not broken in the surface plies. Thinner panels show
more delamination, probably because they flex locally under the impact, thus
developing high interlaminar shear stresses which cause delamination,

Thick Laminates

Because of their greater thickness, considerably higher energy levels
were required to cause damage in the 1/2-inch thick laminates. The major
difference In comparisons with thin laminates was the variation in the amount
of damage on the front and back faces and internallvy,

For impact energy less than 30 ft-lbs, the low velocityv impacts cause

smaller damage sizes for center impacts, which is probably a result of more
energy heing used for flexual deflection at the lower welocities,  The data
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danonstratce the complesity of the impact phenomenon and saepest that damage size is

atffected by a number of parameters, including impact location, panel thickness,

impactor shape and size, flexual deflection and velocity of impact.

Improved Tmpact Resistance Laminates

The effects of concepts which add one ply of S-e¢lass to monolithic
panels are shown in Fig., 3,17,

-
t
1
- - Triou. N \ f
Pone i | |
N | ,
L o . 1 R !
< b ' \ -, | {
! e T : 1
e )t i ! [
l bl |
[ oo
e I __ Incrpient | i | |
Uamage
l ! ¢ | | | l
= | | |
| ‘ i i
z I i ; b |
R [ ‘ T . [ v
: |t A o by
;1~L P e SR . : ¢ ey
b —— — — —L - 1
T ! : by
= l | i . \ ] ) |I ]
T .
b } i mx: |- ; i . :
< !
< s | ' } by | —
/| T, ! ~ ! [
1 | ' T, Lo |
B .L ! r_L-’ | | | | 1 |
! | | | i ' ' | | | I
" [ ] | ' { ;! | ) i (
b o A B - Ery
\ g . — .
‘f‘ i ! | | 1 t i : : : | !
i — U] vy ! T
L 11 | 1 | i - —4 1 IE A
--Pls 1t-P; iI-Ply Front Bacw FTront alk Tes Tront azk
“ -t o “l-G < -Plv 16-Plv Tnick 32-Ply
— — ‘—'\~ . \—:\A-—/
baseline 11-1 i11-1 “ll- 11-5

Figure 3,17. Effect of Concepts Which Add One S-Class Ply
to Monolithic Panels (Ref, 26)

The energivs required for complete penetration and incipient damage are shown,
Data for baseline panels are shown for 8~, 16-, and 32-ply panels made of
AS/3501-5 tape material.,  The resnlts of tests on improved concept panels are
compared with the baseline data.

Data are shown in iv, 3.18 for the addition of one ply of either Kevlar
or ballistic Nvlon, The Fevlar bidirectional woven cloth was prepregged with
3501-6 resin and lTaid up and cured with the basiec graphite/epoxy tape. The
12-ounce per sq., vd, ballistic Nvlion was not prepregged, but was laid directly
on the graphite/cepoxy tape,

When on the back surtace, the Kevlar ply is eftfective in limiting the

damage to a localized area.  The clon on the back surface delaminated over
a larger area than the corresponding Foolar ple, Indouhtodly some of the
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Figure 3,18, Effect of Concepts Which Add One Ply of Kevlar or
Ballistic Nvlon to 16 Ply Monelithic Panels (Ref, 26)

extra energy absorbed by the ballistic Nylon panel was used in causing this
increased delamination which is not advantageous since it tends to increase

the size of the damaged zone. Neither Hevlar nor ballistic Nvlon was effective
in concealing damage when used on the front surface,

Adding surface plies of a ductile material such as glass or Kevlar in-
creases the energy required to cause incipient damage by about the same amount
as adding a comparable thickness of the basic material. The ductile materials,
however, ecan help to contain damage. Development of more ductile resin svstems
or techniques to increase the interlaminar and intralaminar shear and tensile
strengths of the matrix seem to offer promise of significantlv increased
incipient damage energy level,

3.3 Effects of Elastomeric Additives on the Mechanical Properties of Epoxy

Resin and Composite Systems

Moulton and Ting [27] report studies exploring the use of elastomeric
additives to improve the toughness of epoxv resin and composite svstems. A
concise summary of that paper follows.

Thermosetting resins such as epoxv and polvimide are widely used as
matrix materials in orgauic composites, These polvmers are brittle materials
with low resistance to flaw growth and ~ack propagation. A remedy is the
addition of elastomeric particles to (. brittle matrix to improve resin
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toughness. The mechanisms for this enhancement invelve triaxial dilatationof
rubber particles at crack tips, particle shearing, and matrix plasticity,

In (277, the tracture behavior and mechanical properties of such enhanced
composites have been investigated cxperimentallw,

A series of acryvlonitrile-butadicene modiried epoexy polymers were inves-—
tigated. Resin fracture encgies were determined by testing standard compact
tension specimens and Izod impact specimens., The clastomeric additives
preatly increased the fracture enerygies of the base epoxy. lLaminates con-
sisting of 7781 plass and T300/3K graphite were used, Enhanced toughness is
observed to correlate with decreased strength and modulus, Elastomeric
additives were fouund to improve laminate fatigue life by a factor of ten,

Thus the modificd composites have a considerably improved fatigue design limit,
with 4 trade-off in strength.

Increased toughness doe- not come without some sacrifice of initial
matrix-controlled mechunical propertics.  Interlaminar strength (short beam
shear test), high temperature strenasti retention, and wet strength retention
ar- examples of matrvix—controlled projperties,  Ultimate compression and
flexural strengths are also heavily intluenced by matrix properties, Cenerally
the modulus of the resin is lowered In proportion to the volume content of the
second phase,  The scecond phase evidently reduces the ‘nitial load bearing

surface area,

Lowerin,: the modulus can actuallw increase some fiber-controlled initial
properties such as tensile strength, and improve matrix-controlled properties
where the strain-to-failure is critical (e.g. off-axis tensile, transverse
tensile, and flexural fatipue properties),

An added bhenetfit of composite toughenin, is improved laminate process-—
ability, particularly in applications involving complex curvatures and
varving thicknesses,

All elastomer epoxy compositions showed a decrease in fracture energy
(energy required to initiate dynamic fracture propagation) with increasing
strain rate. Tt seems that the second phase has a time dependent capability
to distribute stress and toughen,

8l

The toughness of the resin should be at least 1T ki/m” so that, when a
composite with woven fiber is made, the lav up geometry and fiber volume
fraction will not affect {low sensitivitv., Approximatelv 5 matrix strain
will be required to prevent premature interface failure due to uneven stress
concentration between fibers under transverse stress conditions.  The second
phase appears to dominate critical fracture energy, but onlv moderatelw
affects high rate stresses such as impact, This is because the second phase
requires time for its various deformation mechanisms to bhecome operative
for energy dissipation,

3.4  Unsvmmettrical Buckling of Laterallv-loaded, Thin, Tnitiallv-Tmperfect,

Orthotropic Plates

In Retf. 28, Marshall presents a theorctical analveis tor ansymmetrical
bifurcation buckling of thin initiallv-imperfect orthotropic plates loaded
laterallv on the convex tface. Inmsviometrical huckling is shown to be a fanction
of the plate's initial geometry and to rednce greatls the effective load-
bearing capacitv,
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where T ois the Alrv stress function, .- /oy -2 o, =~ = EV/E\, w is the
plate deflection, wy is the nitial imperfection, the E's are elastic moduli,

i is the shear modulus, w, is Polsson'« ratio transverse Lo the d
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where q, is transverse loading intensitw, Dy o= plate flexural rigidity in
x=direction (similarlv for Iy in v-dircction) and D = plate twisting rigidity,
b= plate thickness. Tt o asvumed that the defcction and stress funetion can
be expanded in double serics
0 o
A .
w(x,y) = 2 2 W ) nly) ()
m=1 p=
a0

F(M‘/)=f p F& 10%) A(y)
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It is assumed that the plate is siaply supported:

z
o 2% 7) EL oF >’F
o, a: W= +2, — = - = — =0
=9 > T Ty s Jy? 7 3k (7
2 2
9% 7 >F 'F
3),1 X Sy2 IxZ 9)’3)’
One may choose 2 I
. T .
w(x)y) = Z Z Wm Stn m x- Sin —HI_X_ (9)
M p=zy n a b
! . § X ATy J
X -~ : —1]||cos - (10)
Floon= 2 2 Fy [tz [[e 55
2
= . . Yy
w(x Y)- W Sin prX S )4
° F}:-, g;, ‘pa a T (11)
Since these trumdtcd series cannot satisfv the boundarv conditions, a
solution is souy using the CGalerkin method:
)4F 34F
p( o 25) ety
.3,\‘ )y
- Pw ez, 94 d*w, 23w
= ) -2 - -z
dxady d x dy dxdy Ixdy (12)
A

azw azw Bzw azw d
T 70 O 42 xd
<+ Az Byz -+ 3yz ax: 1(1) t(Y) Y

whcrc,ﬁ(x), t(yv) are weighting functions. Substituting (9), (10), (11)
into (2), (3), (4) and noting (12), the total potential of the loaded plate
can be written in terms of detlection function coefTicients onlv., For
uniform pressure loading, one obtains

mta E Wt = 3 ;
A Zl_“iu__,wfw I N
- | b k) f
83 +x 2% 3g29) 5L 4 oo e =
4 z 3 “/2 Wz_
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where wois the Taming width and Wois the potential of the conservative loads.,
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The experimental specimen used to verity the computations consisted of four-
plv unidirectional graphite/epoxyv bonded to 2024-1T3 AL with EA934 adhesive,
The adhesive was cured at room temperature,  To sinulate a delamination,
teflon tape was used to prevent bonding in the central part of the specimen,

Some of the specimens were loaded statically so that lateral deflections
could be measured with a micrometer, Vive (atigue specimens were tested under
constant-amplitude, load controlled sinuseidal in-plane loading.

The present numerical analvsis was verificd by analvzing two problems
for which exact solutions are available, Also, comparison of measured and
predicted lateral deflections oi pust-buckled through-width delaminations
corroborated the numerical predictions. A small number of specimens were
woere fatigue tested to obtain delamination growth data. Calculated strain-
energy release rates were qualitatively correlated with the observed growth
rates to determine the relative importance of Mode 1 (opening) and Mode 11
(sliding) components of strain-energv release rates,

Load transtfer near the delamination was very complex. Interlaminar
stresses were not a simple function ot applied load or lateral deflection,
Very steep gradients in the calculated stresses at the delamination front
suggested the presence of a stress singularitv, Hence the peak values of
interlaminar stresses have little meaning, since thev depend on mesh refine-
ment.  However, strain-energy release rates are much less sensitive to mesh
refinement than calculated stresses.,

Calculated strain-energy release rates for Mode T and Mode 1T crack
extension were verw sensitive to delaminat ion length, delamination depth,
and load level. The Mode 1 strain encrgy release rate (CI) increased with
increasing load and lateral deflection initially but then decreased, while
the Mode TT rate (G;7) increased monotonically with increasing load. TIf
the structure had responded lineuarly Gy would have increased monotonically
with the squnare of the load, and the ratio C[/U][ would have remained f{ixed.
For a given lateral deflection, Gy was preater tor shorter and deeper
delfaminat ions.,  For fixed remote loading G was ot necessarilv preater or
smaller for the shorter and deeper delaminat tons.,

Qualitat ive correlation of calealated G and G values with observed
delaminat ion growth rates showed that delamination growth is dominated by G
even though numerically G mav be miuch larser,  Bocause Gy s not a s inple
function of ddelaminat ien { rnpthy delapination depth, applicd toad or latera’
deflection, predict ing growth rates tvom Pimited delaminat fon prowth data is
expected to be dirtienlt and subject to sianificant crror,
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3.6 Elastic-Plastic Aralys amilniat o R T L A T C
-+
Finite Element Method
With the inercasing use o conposite material o fn ctrctura’ ol
the need tor elasticv=nlastic anatvais o dacd il

oo Lites e it

velopment of new laminated svstems, and appiicat fons which reculse maore

manding specitications.  An clastic-plastic Plesural plate rinite clermen

formulated by combining the theory of pla ticity for homosineon mates

\

with classical Taminated plate theor, and is pres=catod He Maimood in Lo

The laminatceus rectangular plate cviement conslats of g number of 1w

bonded together so that the plate bohaves kinenmatically as o oanit, Haok

i the

is unique and is assumed o have crreetive material propertics permitt
assumpt ion of overall nomovencits,  fere the lavers dare assumed to he
The strain increments are decomposced into elastic and plastic parts, v
(subscript m identitfies the ath locery,
e 2
A€ = A&, v Ac

[agl o~ e ™
The incremental constitutive relationship is

e —F
re, =(Co v Cl)ag,
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(3)

Az )G-2%) 34,6024
4 i z /
= — T - = 3 - =
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! L Cay ]
where Hois the slope of equivalent stress, equivalent plastic strain curve
with

2 2 2 2
= a.  —~ g o 3 -
J;» x ¥ Y (’; b T ({—y

The Kirchhoftr tevpothesis gives
Ag = 244

where z in the thickness coordinate and x is5 the vector of midsuriace
curvature increments,  Substituting (5 into (2) ¢ives

neg=2 D

P m”m
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ar 5 Do=(C r <l
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The moment resultant s are then
AamM = D Ax
A L ~

where

Z

D= i ( [ " l:)m Az

it t‘
i

(5)

((\)

(7)

R WP

AM A4+ 4 4 a4 sl




-

e o tinite element interpolations give

Ar = B ad (9)
~ ~ ~s
shere T4 are the incremental generalized degrees of treedom, Then the element
~
it e i

K = J QTQ B JAA (10)

~
A

Stter application of cach load increment, cach laver is checked in order to

npdate the constitutive matrix and the stiffness matrix.,  The solution method

out Hined Lere is the Tinear incremental method,

The madel presented here has demonstrated verw wood agreement in com-
parisons with experimental data obtained for aluminum-aluminum oxide
sndwich composites,

3.7 Behavior and Analvsis of Bolted Joints in Composite laminates

The joining of and load trans{er between composite material structural
components have been studied extensively both experimentally and analvtically
to develop effective joining procedures and to obtain an understanding of
the phvsical behavior of the structure throughout the joint reg’on. For
example, Oplinger (311 has reported extensive experimental and theoretical
studies of the behavior of various tvpes of fastener arrangements. Wong
and Matthews {32] and Soni [33] report examples of tinite-clement analyses
for the stresses and strains in the vicinitv of bolted joints.

Oplinger [31] reports the application of both finite-clement methods
and complex-variable/boundary-callocation methods to analyze the two-
dimensional stresses in orthotropic plates with fasteners., Stress concentration
factors in the plate adjacent to the fastener were evaluated and the effects
of variations of plate orthotropic properties were demonstrated. Both glass/
epoxy and graphite/epoxy plates were included. Extensive experimental studies
of joint strength for single~fastener lugs are reported for both glass/epoxy
and graphite/cpoxy to asscss the effects of the rario of fastener diameter D
to panel width W for various values of fastener-center to plate-edge distance
, for ¢/W 2 1. When one cvaluates joint design for an arrav of parallel
fasteners based upon results for a single-pin fastener, allowance must be
made for the fact that fasteners in parallel mav give higher net tension
strength and lower bearing strength than single-tastener lugs [31].

'

Also reported in Ref. 31 are experimental studies of the strength of
series (rather than parallel) type fasteners., These fasteners experience
a significant variation of load from fastener to tastener. lHence it is
shown that the use of c¢longated holes alleviates the =stress concentrations
and improves the strength ot the overall joint,

Sinple-fastener studies of laminates such as O 0 45° where the principal
Young's modulus along the 0 fiber is very different trom that along the
fiber in the 45" plies can reduce the net-section stress concentration factor
significantlv, Thus, the use of various different composite plies (i.e.,
hybrid material lavaps) can be verw offective in improving tension strength,
However, this can lead to increascs in the shear stress concentration factor
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L [31). Reference 31 also presents o scet of faflure reles for bolted joints,
; and demonstrates that the Nuismer-Whitnev rule is obrerved to agree well
.. with experimental results. Pinallv, [t iv noted that -45° and 0/90°
H laminates wvhich exhibit ductibility in tension and shear, respect ivels, »
show significant reductions in stress concentrations because of hix
5 ductilitv; the "45° laminates exhibit nontincar detormation in the net
sect lon which resembles that in metallic joints, while 0/90¢ Jaminates
- exhibit plug formation in front of tie fasteners,
h 3.8 _Vibration, Buckling, and Postbuckiing sStudies of Composiie Plates .
There are numerous papers on the vihration and buckling behavior of
1 composite plates. Also in recent vears a considerable amount of experi-
{ mental and theorcetical work has been done on the postbuckling behavior of
s composite plates; this tvpe of behavior is expected to be observed frequently
‘ in the crash responses of composite structures. Two representative recent ;
' papers on these topics are those of leissa {34] and Starnes, Knight, and :
g Rause [35]. The essence of those papers is captured in the following -
: abstracts from these two papers.
t Abstract from Ref. 34 ‘
e
E o . - o e ’
§ Advances in the understanding of vibration and buckling behavior of i
b laminated plates made of filamentary composite material are summarized in B
Y this survey paper.  Depending upon the number of laminae and their ;
g orientation, vibration and biuckling analvses of composite plates may be b
treated with: (1) orthotropic theory, (2) anisotropic theorv, or (3) more )
complicated, general theorv ifnvolving coupling between bending and stretching .1

of the plate., The emphasis of the present overview is upon the last,

Special consideration is given to the complicating effects of: inplane
initial stresses, large amplitude (nonlinear) cransverse displacements,

shear deformation, rotary inertia, effects of surrounding media, inplane
nonhomogene ity and variable thickness, Nonclassical buckling considerations
such as initial imperfections are included, as well as postbuckling behavior,

Abstract from Ret. 35

Results of an experimental study of the postbuckling behavior of
selected flat stiffencd graphite-epoxy pancls loaded in compression are
presented.  The postbuckling response and faflure characteristics of
undamaged pancls and panels damaped by low-speed impact are described.
Each panel had four cquallv-spaced I-shaped stitfeners and 16— or 24-ply
quasi-isotropic skins, Panels with three difrerent stifiener spacings were
tested.  Some undamaged specimens supported as muclh as three times their
initial buckling load before tailing., Failure of all panels initiated in
a skin=stiffener intertiace repion,  Analvtical results obtained from a
nonflincar general shell finite element analvsis computer code correlate
well with tvpical posthuckling test results ap to railure,  The analvtical
modeling detail necessary to predict accuratels the response of a panel is
described,  Test results show that low-speed impact damage can reduce the
pastbuckling strenpth of o stiftencd pancl and that the skin-stiffener
interface region i= more sensitive to impact damase than the skin midwavy
between stiftfeners,
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SFCTTON 4

REVIEW OF TRANSTENT STRUCTUKRAL RESPONSE ANALYSTS METHODS

4,1 Introduction

Methods for the theoretical prediction of nonlincar transient structural
responses of the type and extent produced by severe impact, blast, or other
loads are needed for many uses., Such methods can be used for parametric
and/or preliminary design studies or to aid in the design of transient struc-
tural response experiments and in cstimating the response levels which instru-
mentation is intended to record., Howcever, there are many structures of
interest whose complexity is such that mathematical model .ng to provide fine
details of transient response would be either prohibitively expensive and/or
impractical because of the lack of adequate knowledge to permit proper modeling,
Thus, theoretical analysis must be applied appropriatelv and with discretion,
The use of such methods can help limit the scope of mechanical experimentation,
but the use of well-designed and carefully-conducted experiments will always
be necessary to determine and/or verify many important details of the nonlinear
transient structural responses of either complex built-up metallic or of
composite-material structures of the type found in aircraft and automotive
applications. Well-designed and conducted experiments are essential for
validating the final design in this tvpe of nonlinear structural response
problem,

In the following, attention is confined to discussing transient structural
response prediction methods. It is convenient to discuss these methods in two
regimes: (a) linear and (b) nonlincar. Historically, the simpler linear
response methods were explored and developed first; then the methods were ex-
tended and modified to accommodate nonlinear geometric and/or material behavior,

Linecar transient structural response prediction methods consist of three*
types:

1. Conventional Lumped Parameter (CLP) wherein the structure is modeled
by an appropriate collection of generalized masses connected bv linear
stiffness elements (beams, springs, etc.).

2. Finite Difference (FD) method wherein the governing differential
equation of equilibrium of each structural repion is approximated
by spatial finite difference expressions in terms of displacement
data at the grid stations, with appropriate compatibility enforced.

3. Finite Flement (FE) method wherein the various reesions of the structure
are modeled spatiallvy by appropriate finite elements with appropriate
compatibility enforced.

*All three of these approaches mav be applied to cither o very simple or a
very complex structure,
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In ecash case, one obtaing a -et of coupled total dirverential equations
of motion which subscequentlw can be solved by using an appropriate timewise
finite-difference or timewise finite-clement soluation procedure,  Of course,
if one wishes to do so, these equativis can bhe recast into normal-mode Torm
and solved timewise analvtically «ivce Tincar tranaient response i involved,

For the linecar transient respor o recime, the CLP and the ) methods are
b have heen applied cxtensively,

embodied in dozens of computer prograss wi
Hundreds of computer programs bhased upon the ase of the BF method exist and
are used most commonly today becance o available computing facilities and
because of the Tact that the FE method permirs the analvst to approximate
and represent his structure readily geometricallv,

Turning next to the nonlinear transient response regime, the FD and the
FE method have been applied successfullv in a direct and straishtforward
fashion to relatively simple structures such as beams, plates, cylindrical
shells, curved shells, and shells of revolution; nonlinear material behavior,
large deflections, buckling failure, and postbuckling behavior have been
accommodated and represented properly.  However, for complex built-up struc-
tures, practical feasibility dictates that one employ a modification of the
basic CLP, FD, or FE methods to represent and approximate in a practical way
the overall postfailure, unloading, reversed loading, reloading, ... load

deflection behavior of certain antomaticallv-selected regions of the structure.,

This type of approximation feature is currently termed the hvbrid approach.
This hybrid approach is most commoniv emploved in an]unvtibn with either
the CLP or the FE method,  Accordingly, the essential features of these two
schemes (CLP/Hybrid and FE/Hvbrid) for predicting the nonlinear transient
structural responses for complex structures will be desceribed in Subsections

4.2 and 4.3, respectively.*

Finally, the following tabulation depicts the discussed problem-and-
method categorics:

Type of Structure

___Regime ___Method ~_Simple — Complex
CLP N X
[.inear FD X X
e FELM X
clLp - -
Nonl inear b A .
(Geometric L N X
and/or CLP/Hybrid x N

Material)
I/ X

X Widely used
x:  QOccasionalle ased

* In Section 4, onlv representative roefererces ave cited on cach main topic
f=t, but no

discussed; many more references pertinent to ocoach tanic ex

attempt s made here to e ol dncdasive 0 it ine reterenocs,
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4,2 CLP/Hybrid Approxim te Methods

The method now kr wn as the conventional lumped-parameter/hybril method
for predicting the nc¢ tinear transient responses of complex built-up structures
originated in the 1¢ 0's in connection with studivs to predict the severe
failure and postfailure responses of lifting-surface structures subjected to
blast loading [36-41). 1Tt was realized that sutiiciently severe blast loading
of typical complex built-up lifting surface structures could cause the structure
to buckle at one or more spanwise stations during the transient response,

After buckle initiation, the structure tends to "fold" about that buckled
station which remains at a fixed spanwise location. Also, after buckle initi-
ation, the moment-carrying ability of the structure at that "buckled station"

decreases as the postfailure deflection angle * (sece Figs. 4.1 and 4.2) increases,

as one expects theoretically and confirms experimentally [36-47] from testing
various simple as well as model and full-scale complex built-up structures.
Unlvading occurs along a "pseudo-clastic" straight line whose slope depends
upon the maximum O angle from which unloading occurs. This unloading slope
decreases as 9 Ax increases.

Figure 4.3%a is a schematic illustrating typical moment versus angular
rotation behavior at a buckled station of a built-up beam structure, including
unloading and reloading. 1If unloading is followed by reversed loading
sufficient to produce buckling in that direction followed by continued reversed
loading, unloading, and reloadirg, tl.e associated tvpical moment vs. © behavior
is as depicted in TFig. +.3b. Hence, if the structure is subjected to transient
loads such that these types of behavior can arise, one must accommodate this
type of behavior in a simulation model intended to predict this type of nonlinear
response,

Figure 4.4 [45) depicts a cross-section of a 4-spar wing (beam). The
static postfailure bending moment versus postfailure rotation angle ' behavior
of a similar 3-spar wing is given in Fig. 4.5, together with predicted behavior
from a simple conceptual model. The load-deflection characteristics of this
4-spar structure in the postfailure range with unloading, reversed loading,
reversed failure, etc., are shown in Fig. 4.6 together with predicted behavior
for this static-test example.

Similar experiments aud analysis have been conducted on helicopter and/or
general aviation alrcraft structures and substructures [48-59] to evaluate
the failure modes, failure loads, and postfailure load-deflection behavior
of various components and structural assemblies of tvpical helicopters,
Fuselage frames, larding gear structure, stroking scats, ecte. have been studied
both experimentally and analvtically.

Similarly, typical automobile frames, body structure, and stiffening
structure exhibit buckling and subsequent folding and crush-up behavior both
in static-loading tests and in crash-impact tests [58-77], FEach of the many
possible modes of initial "failure" and subsequent load-deformation behavior
must be identificed and accommodated properlv in a prediction model in order
to obtain realistic predictions ot the nonlinear transient structural responses.

In the CLP/Hybrid method of analvsis, the structure is represented by an

assemblage of generalized masses ¢ nnected by stiffness elements (extensional
and/or bending) such as planar or 3=d beams [38, for cxamplel. Tupically the
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equations of movion ropresenting cnin o model are solood UlnewiLe numerical by,
while accounting for the applicd loading arisine tror vy dmpact, blast,

ote. At each tioe Instanty the stresscs ard/or lead vesett aits are ewvaluated
at many locations alony the —tructare ant comparcd with the critical value
ey bt centnated value

at that station (for incipient buck' tnp, tor e
excueds the eritical value at that tation, the computer nrooram is instructed
to account thercafter for the prescrce of o nendivear festeretic =onring at that
station; appropriate nonlinear load=deflect fon characteristics are assigned to

that nonlinear spring. The timewise solntion nrocedure continue s, with
additional nonlincar springs introduced gt wirion other locat fns as the
response and attendant criteria dictate,  the ecaleulation cont inues until
structural rupture ocours at some stat ion or the analyst decides to halt

the calculation rfor some other reason,

The CLP/Hyhrid method reported in Ref. 41 is an assumed-node method
vhich utilizes the natural-mode normal-mode cquat jons of notion berore
buckling failure. Thercatter, these same normal modes are used together
with a hinge mode introduced at the f1ilure station; hence, the method becomes
an assumed-mode method.  This is a specialized analvsis [41] which for the

applicable structure i3 much more efficient computationallw than the generalized-

coordinate CLP/hvbrid analvses [38].
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. Fig. 4.3b. Additional Postfailure Loading Paths Possible for Built-=Up
Beams (Ref. +95)
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The load-deflection behavior of the generic nonl inear hysteretic spring
may depend upon the current value of a measure of the deflection--such as,
for example, the angle O shown in Fig. 4.2 to represent the static moment
versus angular rotation behavior at the "buckled station" of this example
multi-spar wing structure [(45]. The internal moment which can be carried
there depends not only upon t but also upon how that value of # was reached;
that is, whether that € angle was rcached by a monotonically-increasing
path or by pseudo-elastic unloading from an earlier maximum value of %, etc.
(Figs. 4.5 and 4.6 depict schematically the tvpes of hysteretic behavior
that such models must be able to represent.)

In transient response problems, however, one must account for dynamic
rather than just static conditions. 1In the present failure-postfailure con-
text, dynamic effects may manifest themselves primarily in two wavs. First,
the incipient-buckling stress or incipient-buckling moment or buckling mode
itself under dynamic conditions may differ from that observed under static
conditions; this matter has been studied by various researchers for various
types of simple and of complex built-up structures [78-83]. Second, the
structural material comprising the "buckled zone" of the structure may be
composed of material whose yield strength depends significantly upon the
local strain rate; hence, the load-carrying abilitv at that structural
station may depend upon both the deflection and the deflection rate (or
strain rate).

Note that the internal structural generalized force of interest may be

a moment and the associated measure of overall deflection may be an angular
rotation 8 of that buckled region. On the other hand, the "axial force
resultant" F (rather than the moment) may be of interest and the associated
measure of overall deflection of that buckled-folded region may be an axial
displacement A. Thus, one may characterize these force dependencies by
writing .

M = M(8, 6Opath, §)

F = F(A, Apath, A)

where () means the strain rate d{ )/dt, where t denotes time.

While in principle one could carry out very detailed modeling of the
structure in the "failure region" and could include a strain and strain-rate
dependent description for the material throughout that region, practicality
and expedience lead nurmally instead to the use of empirical test results
to modify the static failure criteria and postfailure load-deflection behavior
to account approximately for strain rate effects [77]. Some analysts neglect
strain rate effects entirely because they believe that the practical fidelity
of modeling employed is insufficient to warrant attempting to include strain-
rate effects or because the strain-rate dependence of the material being
employed is either unknown or believed to be small (39, 49].

For various types of ductile-metal built-up complex structures (multispar-
skin, discretely-stiffened skin, honeycomb-stiffened skin, skin-stringer-
frame, etc,) extensive static and/or dynamic tests have been conducted to
measure their incipient-failure and postfailure load-deflection behavior
[42-59, 75]. Simplified energy-based prediction methods have been developed
and display generallv very good agreement between predicted and measured static
postfailure load-deflection behavior for essentially all configurations studied
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ﬂi_ [42-59, 75]., Thus, a considerable body of information has been yenerated to
¢fT guide the analyst (who 1is seeking to analyze a built-up ductile-nmetal struc-
- ture) in devising realistic and reliable approximations of the postfailure
?‘ behavior at possible stations of interest of his structure; however, corres-
) ponding data for composite-material structures are relatively sparse,

Carrying out a CLP/Hybrid analysis successfully requires the analyst to
exercise skilled judgment and to call upon a significant bhackground of ex-
perience on failure and postfailure behavior of complex built-up structures,
In this problem area, the inexperienced analyst will encounter a considerable
n amount of difficulty and frustration.

It should be noted that the CLP/Hvbrid approach can be applied to ductile-
metal complex built-up structures or to composite-material structures. For
each type of structure, one must provide for accommodating (a) the proper

|
‘
;
|
l

L mcdes of incipient failure that can occur (and the associated incipient-
}. failure criteria) and (b) appropriate descriptions of the postfailure load/

a deflection and/or load/deflection/deflection-rate behavior.

Also, the "hybrid" feature which represents the nonlinear hvsteretic
load/deflection/deflection-rate behavior of an automatically-selected "failed
structural region" can be emploved with equal facility with either:

(1) The Conventional Lumped Parameter Method
or
(2) The Finite-Element Modeling Method .

Accordingly, in Subsection 4.3 where the more detailed methods (FE and the
FE/Hybrid methods) are discussed, a description of this Hvbrid Feature is
not repeated.

oy -

Numerous specialized limited-capability computer programs of the CLP/
Hybrid type exist {48, 49, 68, 72, 74, 76, 82, 84-86]. For example,
Gatlin et al [48, 49) simulate the vertical impact of a helicopter fuselage
by representing the structure by lumped masses connected by a preselected
2-d urrangement of nonlinear axial and rotational springs. The other cited
programs pertain to portions of automobile structure simulating a crash
situation; Kamal et al [74, 76, 77] developed the FEBIS program to simulate
vehicle~to-barrier head-on impact wherein the vehicle is modeled by lumped
masses interconnected by various nonlinear springs to represent the internal
forces associated with the torque box, front frame and bumper system, drive-
train, sheetmetal, firewall, radiator, engine mounts, and transmission mounts.
Laboratory crush tests of these various components provide the nonlinear k
hysteretic spring data. The SCORES program by Fitzpatrick (86] is concerned .
with a 2-d model of an occupant which collides with the steering wheel,
steering column, and knee-restraint system of an automobile in a head-on
crash; here again the system is modeled by lumped masses with nonlinear
hysteretic springs representing the load-deformation characteristics of the 4
deformable structure., Prescribed are the crash input g-loads g(t) to the
front of the occupant compartment; primary interest centers upon predicting
the g-loads experienced at several locations on the occupant model,
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Computer programs representative of the hybrid type but with a more
extensive capability are those of Wittlin et al {52-57], McIvor et al [87],
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Shieh [88], and Young {89]. The KRASH program [52-57] is a lumpcd-parameter/
hybrid simulation, while those of Refs. 87, 88, and 89 are of the finite-
element/hybrid type. The UMVCS program [87] and the CRASH program [89] repre-~
sent the structure by a 3-d array of rods and beams, with yielding and plastic-
hinge behavior accommodated at the ends of these elements; test data are used
to define the moment-rotation behavior at those hinges. Shieh's program [88]
is similar but represents the structure bv a 2-d arrav of beams, with plastic
hinges permitted only at the ends.,

Program KRASH [50-57] has undergone the most extensive development and
application of any of these hybrid codes, and is generally considered to be
the most convenient, useful, and comprehensive for use in preliminary and
parametric design studies., In this program the structure is represented by
point masses each with 6 degrees of freedom connected by an arbitrary 3-d
array of beams. The effects of plastic behavior are taken into account
through the use of nonlinear loading, unloading, reloading stiffness properties;
those prescribed nonlinear spring properties are provided from crush tests
and/or from supplementary analysis [50-57]. The KRASH program has been applied
to the crash response analysis of helicopters [3, 901, general aviation air-
craft [91), and locomotives [92], for example.

As summarized in Ref. 3 (pp 89-90), the capabilities available in KRASH
are:

Primary Features

~ Lumped mass representation,

- Nonlinear external spring and internal beam structural elements: the
external springs represent nonlinear crushable structure, landing gear,
soil, friction, and plowing reactions, while the internal beams represent
airframe structure nonlinearities via stiffness reduction factors (KR),
and, also, structure failure (rupture force or deflection) and damping.

- Large structure displacements and rotations,

- Three-dimensional impact simulations, model symmetry, sloped surface
impact.,

- Rigid elements via massless nodes.

- Automated occupant survival indicators: 1livable volume change, volume
penetration by hazardous masses, Dynamic Response Index (DRI).

- Miscellaneous features, such as aserodynamic 1lift, angular moments as
mass points, cross products of inertia, prescribed acceleration pulses
at mass points.

- Restart,

Output Information

- Mass point response time histories (displacement, velocity, acceleration).

- Energy distribution:

!

:

;. : . . :

g Mass -~ kinetic, potential

- Beam - strain, damping

: Spring - crushing, friction

g
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- Beam element strain and damping forces, stresses, relative displacements,
rupture summaries,

- Spring element loads and deflections.

- DRI response, cg velocity, volume change/penetration.

-~ Print and plot of responses, element data.

- Energy summaries,

AaALAL R AARAammEn M A A & 8 ot . s e ———

These KRASH capabilities are summarized in slightly different terms on pp 1-2
of Ref. 57 as follows:

* Define the response of six degrees of freedom (DOF) at each representative
location, including three translations and three rotations.

* Determine mass accelerations, velocities, and displacements and internal
member loads and deformations at each time interval.

* Provide for general nonlinear stiffness properties in the plastic regime,
including different types of load-limiting devices, and determine the
amount of permanent deformation.

* Define how and when rupture of an element takes place and redistribute the
loading over the structural elements involved.

* Define mass penetration into an occupiable volume.

* Define the volume change due to structural deformations of an occupiable
volume,

1..”..,..2...,fr....;-.,,_,,
RSO RS , S

» Provide for ground contact by external structure including sliding friction
and a nonrigid ground surface.

* Include internal structural damping.

* Include a measure of injury potential to the occupants; for instance, the
probability of spinal injury indicated by the Dynamic Response Index (DRI).

* Determine the distribution of kinetic and potential energy by mass item,
the distribution of strain and damping energy by beam element, and the
crushing and sliding friction energy associated with each external spring,

Y- ¥ SN IR

* Determine the vehicle response to an initial condition that includes linear
o and angular velocity about three axes and any arbitrary vehicle attitude
and position.

- * Provide a measure of the airplane cg velocity by means of translational
momentum relationships.

A a4 o0 oa oa L._‘_'_'

* Analyze an impact into a horizontal ground and/or an inclined slope.
* Provide a measure of the internal stress state of internal beam elements,

* Analyze a mathematical model containing up to 80 masses and 150 internal
A beam elements,

+ Treat up to 180 nonlinear element degrees-of -freedom.
The structural modeling provided by KRASH is quite realistic for aircraft

frames and trusses but modeling of skin panels, sandwich panels, or composite-
material panels can be done only roughly and requires the exercise of considerable

Y P W O R
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engineering judgment and experience. The nonlinear internal or external
springs which represent the failure and postfailure behavior of built-up
metallic or composite-material beams under 1-d (not combined) loundings requires -
either pertinent experimental data or independent model estimates of these pro- "
perties such as found in Refs. 48 or 3, for example. Thus KRASH can represent K
many of the main features present in the crash responses of vehicles of conven- -
tional and of composite-material construction. Because of the limited fidelity J
of structural and material modeling available, KRASH can be expected to provide "
useful overall crash response data, but fine-detail transient response data of -
high accuracy is beyond the capability of program KRASH. Hence, KRASH is )
versatile and highlv useful, but must be applied for appropriate purposes and !
expectations, To be productive in meaningful engineering design and screening
studies, KRASH must be applied by an analyst who has the experience and judgment
to construct a structural/material model which contains the principal features
of importance in crash-impact situations. The likely modes or patterns of in-
cipient failure and associated failure criteria as well as the patterns of sub-
sequent progressive failure and the associated load-carrying ability must be
anticipated realistically; the simulation model then must be constructed so

as to accommodate and represent this behavior. 1In this regard, the analyst

is advised to become thoroughly familiar with the wealth of information and

g experience contained in Refs. 3, 48-58, and 90-92,
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4,3 More Detailed Methods

Many analyses and computer codes have been developed (and much additional
work is in progress) to represent simple and complex structures by a much more

detailed model so that the many types of transient structural response, failure, T
and postfailure behavior present in a given structure can be accommodated D*
faithfully and automatically--rather than crudely and by built-in rough pre-

selected limited failure-postfailure models, Some progress has been made ]

toward this goal; detailed modeling of limited categories of structures can

be accomplished, but there are many tvpes of modern composite built-up
structures for which detailed rational models to represent nonlinear transient
response behavior are not yet available.

From time to time surveys and compilations of structural analyses and

-} computer code capabilities have been made; for example, Pilkey et al [93],
- Kamat ([94], Belytschko ({95], Chang and Padovan ([96], Armen and Pifko {971,
tﬂ and Noor [98]. Both spatial finite-element and spatial finite-difference

computer codes of widely-varying capabilities are available. Of particular
interest here are those which accommodate geometrically- and materially-
nonlinear transient structural response behavior; Ref. 98 cites 20 such
computer programs;

- ADINA DANUTA HONDO~ITI NEPSAP STAGSC-1

* ANSR-1I DIAL LARSTRAN-80 SAMCEF STRAW
ANSR-TI DRAIN-2D MARC SAMSON WECAN
ANSYS DYCAST MSC/ NASTRAN SESAM-69 WHAMS

---and there are many more. Recently Fong [99] reported an evaluation of 8
general-purpose finite-element ~omputer programs:

ABAQUS COSMIC/NASTRAN MSC/NASTRAN
ADTNA EASE2 STARDYNE
ANSYS MARC

e PSP - Lo N
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-—-only 4 of which (ANSYS, ABAQUS, ADINA, and MARC) have operational nonlinear
geometric-material transient response prediction capabilities, including re-
stricted classes of impact problems. Sce Refs., 98 and/or 99 (and/or also Refs.
51 and 93-97) for a tabulation of the various features and capabilities of
these computer programs.

Certain of these computer codes have been written to analyze impact-crash
responses of certain categories of structures, The most comprehensive and
versatile of these programs is the finite-element program DYCAST [101-104]
developed by the Grumman Aerospace Corporation under Crumman, NASA, and FAA
sponsorship. Another similar computer program with more limited capability
is ACTION [105, 1061, which is also a finite-element program, For the cate-
gories of structures which each of these codes can model, the transient response
including incipient-buckling, yielding, plastic behavior, etc. is accounted for
automatically; no prescribed internal failure initiation and no prescribed
internal postfailure hybrid-type load-deflection behavior is injected, An
example of the application of DYCAST and ACTION (and of KRASH) to the analysis
of and comparison with experimental data for a fuselage section impacted in
a drop test is given in Ref. 91, Demonstrated is good overall transient response
agreement between experiment and the predictions of KRASH, ACTION, and DYCAST
but the superior modeling fidelity of the DYCAST code produced distinctly
better detailed predictions and comparisons with experiment, as expected.

DYCAST has also been applied by Carden and Hayduk [107] to the analysis
of the drop-test impact responses of various aircraft fuselage load-limiting
subfloor structural concepts. A representative fuselage floor and subfloor
sections with simulated attached '"seats and passengers" was drop tested for
each of several concepts. Accelerometers provided acceleration time histories
at various locations on the specimen. High speed photographic measurements
provided deflection data. Static load-deflection tests on each subfloor con-
figuration provided data which were used in DYCAST to represent this subfloor
behavior by nonlinear springs. Generally good experimental-theoretical agree-
ment was found. However, in some instances the static failure patterns
differed somewhat from those observed in the dynamic tests. This is suspected
to be one of the principal reasons for the theoretical-experimental discrepancies
noted. Also, no strain-rate dependent material effects were included in the
analysis. The experiments conducted demonstrated the effectiveness of several
very attractive load-limiting concepts for fuselage subfloor structure.

For detailed crash response analysis and design, it appears that the
DYCAST program provides an excellent extensive baseline modular capability
to which future needed features could be added effectively. This might in-
clude, for example, elements to represent various structural elements and
composite-material layups, as well as appropriate descriptions for failure
criteria and postfailure behavior of these items,

For convenient reference, the major features of DYCAST are quoted
verbatim from pages 105-107 of Ref, 3, as follows:

- Nonlinear spring, stringer, beam, and orthotropic thin sheet elements.
- Plasticity.

- Very large deformations.
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- Variable problem size, f
4
- Restart (stop, review, and continue). ;
- Deletion of failed members. "
- Four different numerical solution methods, three with internally varied :
time steps. 8

~ Modular formulation.
-
The basic element library of stringers (axial stiffness only), beams (axial, '

two shears, torsion, and two bendiny stiffnesses), and orthotropic membrane
skin triangles (in-plane normal and shear stiffnesses) allows the convenient
modeling of aircraft-type structures built up from such components. The non-
linear spring element is a general-purpose axial stiffness unit with a user-
specified force-displacement curve.

a2

- PN

The changing stiffnesses in the structure are accounted for by plasticity
(material nonlinearity) and very large deflections (geometric nonlinearities).
The plasticity enters the model through the nonlinear stress-strain curve for
each element. The geometric nonlinearities are modeled by reforming the
structure into its new shape after small time increments, while accumulating
deformations, strains, stresses, and forces. In this way, the progressive
crushing and folding of structural elements can be followed. The nonlinearities
due to combined loadings (such as beam-column effects) are maintained, and the
stiffness of the elements can vary depending on the combination of loads

imposed on them. .

The restart feature allows for a large problem, or one of long event duration,
to be run in small time sequences. This minimizes the tie-up of computer
facilities, allows the user to examine the response as it progresses, permits
the ending of a simulation if a critical damage occurs, or permits the dele-
tion of elements that appear to have failed as indicated by the stress and
strain output,

The numerical time-integrators available are fixed-step central difference,

modified Adams, Newmark Beta, and Wilson Theta. The last three have variable
time steps, controlled internally by a solution convergence error measurement.
Thus, the time steps increase and decrease as required during the simulation,

The modular formulation allows for easier addition of new elements, material
types, time-integrations, etc. by structuring the program in well-defined
modules with a minimum of interfaces with other modules.

The overall accuracy and computational cost of the simulation will depend on
the quantity of elements used (fineness of the geometric model). The finer
the model, the greater the accuracy and cost.

A user-oriented input/output format is utilized. The primary input data
groups are:

- Numerical controls and options.
- Geometry (nodes and elements).

- Motion constraints (and impact surface).
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- TInitial conditions.
- Rigid masses.

Material properties.

Flement cross-section geometries,

0

Applicd dvnamic loads (if any).
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]
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The output data are in the form of:

- Printed displacement, velocities, accelerations, strains, stresses,
and torces,

- Plotted histories of displacement, velocity, and acceleration at chosen

nodes.
L
L - Time-sequenced drawings of deforming structure or portions from any
g . .
A viewing angle,

A This ends the verbatim quotation from pages 105-107 of Ref. 3.

- It should be noted that although DYCAST models the (interior) structure
[_'-' in detail with finite elements which accommodate nonlinear geometric and

. material behavior, 1t also provides for accounting for nonlinear support or
- attachment structure by the use of nonlinear hysteretic springs whose

o mechanical properties must be prescribed by the user (from supplementary

) tests and/or analyses), In this sense, DYCAST also contains a hybrid

capability,

To date the documentation found in the open literature for DYCAST is
rather sparse [3, 103, 104]. Perhaps this is because DYCAST 1is regarded as
a modular addition to PLANS (for static loading) which is documented in
Refs. 101 and 102. However, it is hoped that similar comprehensive docu-
mentation for the nonlinear transient response program DYCAST will be pro-
vided soon to enable other researchers to use DYCAST, to appreciate fully
its current capabilities, and to add further modules to extend its capabilities
in useful directions. For example, although DYCAST has orthotropic plate
elements including the Mises-Hill yield criterion, the Drucker flow rule,
and Prager-Ziegler kinematic hardening [100], it may be useful to consider
adding the present (or a modification of the) orthotropilc elastic-plastic
panel elements of the BR-1FC code of Ref. 108 which has been applied
successfully to the blast response analysis of composite panel structures
(109). Also, it may be effective to consider the use of Quasi-Newton
iteration methods for the implicit-time-operator solution of the nonlinear

-
}
b
e
’ .

L'j equations of motion in DYCAST, as discussed, for example, in Ref. 110. 1In
&‘ this regard Bathe and Cimento {[l11] have shown by application of the ADINA
3 code that the Broyden-Fletcher-Goldfarb-Shanno (BFGS) scheme (one of the
. Quasi-Newton methods) is particularly effective for the nonlinear transient
. response solution of the equations of motion by using implicit timewise
. finite difference operators,
-
, @
-
.
95
| @

v
.
»
.

w-**'-'-"”' indiesc T WL WS W SN S S y




¢ a

| 3
¢

3
G
3

-

b

'~

b

F.

b

A vl 4
)

oy .-»'-".'2- vy
o . R . . N . B

A S T e A /AU A AN A Reinh Tl A8

SECTLION 5

CRASH RESPONSE RESEARCH NEEDED

General comments on crash response research conducted during the past two
decades are given in Subsection 5.1. Needed crash response research is
discussed in Subsection 5.2, noting the general goals, the need for crash-
worthy airframe structures, and related crash response work -- much as
described by Cronkhite et al [3] in USARTL-TR-79-11; the roles of laboratory
test and full-scale tests are also noted. Ongoing and planned crash-response
research of both general and helicopter related applicability is outlined
succintly in Subsection 5.3. Crash-response research focussed on transport
aircraft is indicated in Subsection 5.4 together with comments on a planned
full-scale crash test. Finally, some comments on the roles of specimen level,
subscale, and full-scale structural tests are offered in Subsection 5.5.

5.1 Comments on Procedures of Past and Planned Research

As pointed out by Thomson and Caiafa [2], very significant progress has
been made in the past two decades in improving the state of knowledge of
crash response and factors affecting the crashworthiness of aircraft and
helicopters (as well as automobiles).

This progress has been achieved through the efforts of the U.S. Army,
FAA, NASA, DOT, their numerous contractors. Static testing, impact testing,
and crash testing of a succession of structural components, substructures,
and structural assemblies has led to an understanding of the modes of failure
and of the postfailure structural behavior (load-deflection, energy absorption,
etc.) of various types of built-up metallic structures. Effective combina-
tions and arrangements of structural materials and components were identified.
Concurrent and subsequent full-scale crash testing of helicopters and air-
craft served to provide confirming failure mode and detailed postfailure
transient response data which could serve as ''proof data" against which
theoretical transient response prediction methods could be checked, and
subsequently revised to remedy noted deficiencies.

Going hand-in-hand with this experimental work were efforts to develop
reliable methods for predicting the failure modes and loads of each of the
principal types of structural components involved, as well as their post-
failure load-deflection and energy-absorbing behavior. The experimental
observations were extremely important in guiding and channeling this theoretical
effort along productive lines. Experimental failure and postfailure structural
data enabled the analysts to devise effective and appropriate theoretical
models of the structure to minimize the computational effort while accounting
for the salient behavioral features of the structure. Consequently,
theoretical methods have been developed for predicting successfully the non-
linear transient responses of severely loaded structures for crashworthiness
response purposes.

This type of integrated theoretical-experimental procedure has been
followed by the U.S. Army, FAA, NASA, DO1, and associated investigators in
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the case of built-up metallic structures and in the more recent work on

4 structures composed of composite materials [2,3,11]. In this newer

}6 category of structural materials and construction, the diversity of struc-
tural materials, arrangements, attachments, etc. is much more extensive
than in the past. Hence, considerahble effort will be required to identify
the most effective and practical coubinations of materials, layups, and
structural concepts to achieve acceptable crashworthv design; progress in
this direction has been made as reported by Cronkhite et al [3], Thomson
and Goetz [11], Thomson and Caiafa [2], Carden and Hayduk [107], and in
the studies leading to the U.S. Army Crash Survival Design Guide [13-17].
Much more work along these lines will be needed to assess the comparative
effectiveness and practicality of the numerous candidate materials and
structural concepts [112,113]; this will be an evolutionary process.

n——

The overall structural crashworthiness research plan outlined in
Refs. 1, 2, 113, and 114 appears to represent a logical and orderly
succession of investigations judiciously combining experiment and analysis.
Recommended are static and impact tests on a succession of laminates,
structural elements (beams, frames, etc.), and substructure configurations
such as fuselage floors, fuselage shell with floor, wing box structure, etc.
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4 Skins of graphite/epoxy, glass/epoxy, Kevlar/epoxy or hybrid combinations of
; these materials in cloth (or unidirectional ply form) are to be studied
3 together with these materials used as facings on various types of honey-

comb sandwich beams and frames. Also, concepts utilizing discrete long-
itudinal and/or circumferential stiffeners of composite material are to be
studied. Various joint concepts need to be assessed in this crash response
context. These tests are intended to assess the energy absorption, failure,
and postfailure behavior of these various configurations and materials, under
both static and crash loading conditions. Laboratory scale models and

tests (static and dynamic) are to be followed by subsequent tests on large- :
scale components which simulate closely real-scale fabrication; these may ]
be regarded as proof-of-concept or final-validation tests.

Fon

5.2 Needed Crash Response Research

The crash response research which is needed to develop better crash-
worthy designs for aircraft has been described clearly and concisely by
Cronkhite et al [3], Thomson and Goetz [11], and Thomson and Caiafa [2};
those observations still apply and are largely paraphrased in Subsections
5.2.1, 5.2.2 and 5.2.3. The roles of element and subscale laboratory
experiments and tests of full-scale structures are noted in Subsections
5.2.4 and 5.2.5, respectively.

5.2.1 General Goals

‘ As described in Ref. 2, the general goals of (a) crash response research
and (b) the use of advanced composite materials to achieve crashworthiness

_ performance equal to or better than achieved with conventional built-up

3 metallic configurations are as follows:

- 4
0 Crash response performance of aircraft (a) of conventional metal
construction and (b) of composite-material construction both designed
to the same basic requirements need to be measured and assessed in
q
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order to draw upon the extensive accumulated experience on crash
performance of metallic structures. Such comparisons are needed
to permit assessing how well composite structures fare in meeting
crash requirements which have been developed and based on
experience with metallic structures.

0 Seek improved crashworthy design concepts which serve as part of the
primary load-carrying structure under normal conditions and absorb
energy effectively in a crash. Effective performance with a minimum
weight penalty is desired.

0 A program of study which provides a systematic and growing body of
knowledge and experience on aircraft crash response is needed. This
$ research should build from the material-coupon level to the structural

p

‘I element level, to small structure assemblages with i ts and cutouts,

’ to structural assemblages with skins, frames, stiff. rs, and attach-
ments, and to "complete" airframes. An integrated | ~ram of tests,

analyses, and design studies should be carried vut 2 ~ach stage.

0 Design information on the characteristics of candid: mposite
materials and of structural elements composed of con ations of
composite and/or honevcomb materials need to be developed further.
Failure loads, failure modes and mechanisms, and energy-absorption
characteristics of these items need to be determined by systematic
testing and analysis to assess their behavior in a crash environment.
Crash environmental conditions pertinent to transport, general
aviation alrcraft, and helicopters must be included.
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0 Analysis and design tools in the form of computer programs for
several levels of detail and for various portions of the system
are needed.

0 Accumulated crash response experience may lead in turn to revised
crashworthiness requirements.

5.2.2 Crashworthy Airframe Structures

To develop crashworthy composite-material airframe structures, information
needs to be developed further in the following areas [3,114]:

0 Composite-material behavior under static and crash conditions (coupon
level and structural element level)

+ Failure modes and mechanisms

+ Structural integrity after incipient failure

+ Postfailure load-deflection and e¢nergv-absorption behavior
+ Abrasion and tearing behavior of skins

+ Crushing behavior of cores and honevcomb sandwich concepts
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+ Strain rate and temperature cof
behavior

ects un tailure modes and posttfailure

0 Testing and evaluation of joints, hardpoints, and cutouts to determine

> : - . . Lo .

o their strengths and failure modes, including their hehavior under

- . . .

i dvnamic crash conditions.

3 0 Develop analysis tools on several levels for composite-material structures.

+ Analysis of structural elements (will require and be guided by

observations and measurements in cach of various categories of
element-level experiments).

L . . - . . -

! + Analvsis of aircraft-type structural assemblies (portions of the

3

‘I entire aircraft) —-- experimental static and dvnamic data are needed
% to guide the development of necessary analvsis modules which could
. be added to the appropriate computer code DYCAST and to validate

! DYCAST prediction capabilities. ;

+ Gross analysis of the overall aircraft system, including the landing
[. gear, fuselage-wing airframe, and seat/restraint system (KRASH, DYCAST, i
and/or DYSOM could be applied but each requires further validation)

0 Investigate crashworthy concepts for possible integration into future
designs

AL a4 o

+ Sandwich stiffeners with honeycomb cone with Kevlar or hybrid
facings

+ Graphite-epoxy and hybrid frames
+  Fnergy absorbing load-limiting subfloors (Carden and Havduk [107])

+ Crack stopping arrangements and attachments of structural elements

5.2.3 Related Areas

Some additional problem areas needing studv in the crashworthiness
context for general aviation and transport aircraft are [3,11,114]}:

0 Interaction of the landing gear and loads with the composite airframe
structure. Load transfers, failure mechanisms, and failure sequence
needs to be investigated for tvpical crash scenarios. Appropriate
attachment and load-transfer structural concepts should be analyzed
and evaluated bv impact and typical crash test conditions.

0 Energv absorbing seat/restraint concepts should be evaluated in
conjunction with composite-material structures to which these are
attached at various representative locations along the fuselage.
Impact tests under tvpical crash conditions should be conducted to
assess the overall effectiveness of the seat/airframe-structure
combination,
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3 O Concepts to enbance tuel tank integrity in the wine and Yuselage ot
composite-material aireratt structures (but bevond the intended scope

|

}m of this roview).

X .20 Laboratoery Tests

L The preat varicety and complexity ot candidate composite miterials and

n ol structural arrangements and lavups requires coaretal oand sovstenatice
lLaboratory testing to determine the mechanical-structural behavior o

composite-material structural element: and structural asscmbiaees. bach

- combination of composite materials, structural arraogement , and Toadine

' condition can lead to any one of reveral modes of dincipient failure:

L matrix rupture, debonding, delamination, tiber rapture, buckling,....

Static tests of structural clements (of cach tvpe) are necessary to

. determine the incipient-tfailure, posttailure, and encrgy absorption behavior.

’ For a given tvpe of structural clement, some composite materials soon lose

their structural inteerity after fncipient tailures but other compasite

materials exhibit a much higher vretention ot structural integrity until

[.. verv extreme structural detlections have acerued,  Svstematic static
experiments arce essential to explore and verity this behaviory this pro-
vides essential baseline information.  However, under dynamic test conditions,

; somewhat to very different failure modes and posttailure behavior might occur.

Since important dvnamic ctfects on incipient tailuve and postfailure
structural behavior might occeur, it is important to conduct careful well-
controlled laboratory tvpe tests to evaluate this behavior for an appropriate
range of strain-rate and loading conditions,  Tension or compression or
combined toading conditions could be used to study composite material
behavior under dvnamic conditions at the material-coupon level; this type of
informat ion would contribute to a better understanding ot the basic behavior
of composite materials under dyvnamic conditions. However, tor design purposes
it may be more effective and erfficient to explore this behavior at the
structural clement level (evlindrical tube, built-up I-beam, sandwich beam,
trame,...). Thus, it is recommended that element level (a) static tests
and (b)) dvnamic~impact tests be conducted and analvzed to assess similarities
and differences in failure modes and loads as well as differences between
the actual transient response behavior and that predicted by assuming that
the static mechanical behavior data applies altso to the dvnamic situation.
Such comparisons could lead to the determination of dvnamic modification
factors which could subsequently be used tentativelyv in the design process,

as done by the automobile crashworthiness community |77, Tor cexample]s
such "corrections'" it needed are expected to have a narrow range of
applicability. Such factors could be applied to modity static-property
DYCAST calculations in celement=level (or substructure-level) design
studies,

Similar static tests, impact tests, and comparisons would be useful
also when applicd to structural assemblics (portions of the fuselage skin,
frames, keelson, subfloor, floor, and seat/restraint svstem or to small
assemblages) . Basic transient behavioral data wonld be penerated for its
. inherent value and to serve the purpose ot evaluat ing, validating, and
improving DYCAST prediction capabilitics tor futare applications,
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The cited laboratoryv-scale (subscale) static and dvnamic experiments
on the various composite-material and structural concepts will be valuable
for identifving the principal modes of failure under crash conditions, and
will be useful for "suggesting” effective modeling simplifications. Thuese
simplified models are expected to focus on and emphasize the principal types
of behavior involved withou Including burdensome unnecessarv detail.  Such
models will accommodate the rertinent incipient-failure criteria such as
buckling, delamination, debonding, tear, etc. Appropriate material
characterization information (stiffness, strength, inelastic behavior,...)
will need to be supplied for each particular material/lavup svstem,

5.2.5 Full-Scale Tests

Full-scale static and crash-response tests play an essential role in
confirming the validity of the design of the aircraft and perhaps in
uncovering certain full-scale structural behavior that earlier subscale
structural tests had not revealed. Data from such tests provide additional
information to validate and upgrade analysis/design procedures and computer
codes. However, a full-scale crash response test is verv expensive and
permits one to study the response of the system to only one condition of the
many crash conditions of practical interest.

In contrast with crash tests of full-scale general aviation aircraft
where a limited number of seats and occupants is involved, crash response
testing of transport aircraft provides the opportunity to investigate and
compare the performance of a variety of seat and restraint systems at
various stations along the fuselage, thereby, including a range of impact
conditions. Many photographic, strain, displacement, acceleration, and load
measurements are needed to extract maximum benefit from such an opportunity.
This will require careful design, planning, and instrumentation -- as is
currently being done by FAA/NASA, for example, in preparing for a full-scale
crash test of a B-720 aircraft [2].

5.2.6 Comments on the Roles of Element, Subscale, and Full-Scale
Crash-TImpact Tests

The extreme expense involved in carrying out a full-scale crash test,
and the fact that only one impact condition of one of manv important crash
scenarios possible can be explored in a single test, requires the investigator
to carry out nearly all of the experimental basic data and assessment work
on laboratory type subscale structural models for both static and dynamic
purposes. In this context, one can develop a high degree of understanding
of nonlinear crash response behavior and can develop and validate both
theoretical transient response prediction methods and crashworthy materials/
structures concepts. Still needed, however, are a small number of full-
scale tests to provide data to validate these transient response methods in
detail for full-scale conditions to give one a clear level of confidence in
the reliability/adequacy of such prediction methods for design use. These
prediction methods (like KRASH and DYCAST, for example), in turn, can be used
for preliminarv design studies encompassing a4 reasonably wide range of
conditions. Drawing upon such calculations, laboratory tests, background
information from the Crash Survival Design Guide, ete., the designer should
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be able to develop a design which meets reasonable crashworthiness standards,
but this is an area in which a succession of developments and improvements
can be expected, given the appropriate level of government and industry
support and cooperation.

5.3 Current Basic and Helicopter-Related Research

The report USARTL-TR-79-11 bv Cronkhite et al [3] has documented the
state of designs, experiments, and 2nalvsis methods for dealing with the
crash-impact characteristics of advanced airframe structures, including
an extensive period of pioneering work bv the U.S. Army Research and
Technology Laboratories (AVRADCOM) and its contractors.

Subsequent to (or in parallel with) the Ref. 3 report, there have been
at least four research efforts designed to extend the information base on
crash response of advanced-composite structures. These four programs are
sketched in kev-word outline form im the following under the headings [113,
114,115]:

A. Extension of Work Reported in USARTL-TR-79-11 by Bell Helicopter
Textron under AVRADCOM.

B. Development of Data Base on Composite Materials/Structures with
Emphasis on Helicopter Applications (AVRADCOM at NASA-Langley
Process/Application Branch, Materials Division)

C. Extension of Data Base Studies (AVRADCOM/NASA/Bell)

D. Advanced Composite Airframe Program (Bell Helicopter Textron and

Sikorsky Aircraft under AVRADCOM)

A. Extension of Work Reported in USARTL~TR-79-11 by Bell Helicopter Textron
under AVRADCOM

0 Failure and Postfailure Behavior of Helicopter Fuselage Components
0 Subfloor Concepts: Various Sandwich-Composites

0 Graphite-Epoxy Sandwich

0 Kevlar-Epoxy Sandwich

0 Small Structural Components
+ Static Tests, Impact-Drop Tests
+ Impact Response
0o Graphite~Epoxy Readily Loses Structural Integrity

0o Kevlar-Epoxy: Superior Retention of Structural Integrity
0 Full-Scale Fuselage Sections: Frame, Skin, Subfloor
+ Drop-Impact Tests of Two Specimens
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+ Transient Response Data Obtained, Analvzed, and Correlated with
Predictions

0 Report Release is Imminent (by Bell Helicopter Textron and AVRADCOM)

B. Development of Data Base on Composite Materials/Structures with Emphasis
on Helicopter Applications
(AVRADCOM at NASA-~Langley Process/Applications Branch of the Materials
Division)

0 Tube and Beam Configurations
+ Failure Modes and Postfailure Behavior
+ Energy Absorption Characteristics
+ Crush Characteristics
+ Assess Structural Integrity from Incipient Failure to Loss of
Load-Carrying Ability
0 Composite Subfloor Concepts

+ Design to Same Specifications as Metallic Designs Tested by Carden
and Hayduk of NASA-Langley

Static Tests for Failure Modes and Load-Deflection Behavior
Impact Tests for Failure Modes and Transient Crush Behavior
Compare Composites Designs with Behavior of Previous NASA-Langley =
Metallic and Composite Designs q

0 Helicopters: Steep-Descent Impacts are Dominant

C. Extension of Data Base Studies (AVRADCOM/NASA/Bell)
0 Several-Year Extended Parametric Study Now Starting q
0 Failure Mechanisms and Modes
0 Energv Absorption
0

Various Composite Materials

+ Craphite-Epoxy
+  Kevlar-Epoxy Fabrics vs. Tapes
+ Glass-Epoxy
+ Hvbrids
+ Advanced Graphite Fibers and Toughened Resins
0 Cylindrical Tubes
+ Variation of Layup Sequences and Angles
+ Vary Diameters
+ Various Diameter-to-Thickness Ratios

0 Beam and Sandwich Configurations (Cruciform)

0 Static Tests

<

Impact (Drop) Test - Impact Velocity Variation Effects
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0 Scaling Effects
0 Test Specimens to be Fabricated bv Bell Helicopter Textron
0 Tests to be Conducted Mainly at NASA-Langley (Static, Impact-Drop,
and Impact-Tower)
D. Advanced Composite Airframe Program
(Bell Helicopter Textron and Sikorsky Aircraft under AVRADCOM)

0 Development of All-Composite Airframe Structures for Army Applications:
Primary and Secondary Structure

Crashworthiness is One Requirement (MIL-STD-1290AV)

Two Contractors Selected: Bell Helicopter Textron and Sikorsky Aircraft
Advanced Composites for Airframe, Landing Gear, Rotor,...

Critical Problems: Attachments, Joints, Fittings, Cutouts

Design and Tests of Components: Static and Impact-Drop

o O O © o ©

Tower-Drop [mpact-Crash Test of Full-Scale Configuration
The latter two studies (C and D) are of a longer-range nature. Study D is

very broad, and crash response is only one of many facets of that development
program [113].

5.4 Transport Crash Research

For transport aircraft, Thomson and Caiafa [2] and Wittlin [21] report
that NASA and the FAA are sponsoring studies of transport aircraft crash
dynamics by Boeing {116], Douglas [117], and Lockheed [118]. These studies
are expected to identify the prevalent potentially-survivable crash scenarios.
For each such scenario, the likely sequence of failures and associated
structural regions principally involved will be noted. The associated
consequences such as fuel tank/line rupture, mass item failure, floor/door
deformation, loss of seat integrity, and excessive occupant loads are to be
considered {21]. These studies should provide guidance for focusing
subsequent crashworthiness development work on those structural and systems
regions which most seriously affect occupant survival. The region of the
aircraft most immediately involved in many crash scenarios, of course, is
the lower crown of the fuselage structure and/or the landing gear and its
attachment structure. Hence, the elastic, failure, and postfailure responses
of shell/frame/keelson structure of metallic and/or composite-material
construction must be understood and the consequences to the occupants held
to acceptable limits.

Shown on the next page is a NASA/FAA flow chart depicting a logical
sequence of studies on the behavior of composite-material structures
subjected to crash loadig conditions. These studies commence at the laminate
level, proceed to the element level, and go on to the substructure level. 1In
a future time frame, a full-scale crash test of a composite airplane can be
expected to take place,
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In support of the early stages of that outlined NASA/FAA transport
crash response study, at least two research efforts are in progress. These
studies are outlined in the following under headings F and F [114,119]:

E. Accident Data Base Studies (by Boeing, Douglas, and lLockheed)

F. Crashworthiness of Composite Fuselage Structural Components
(NASA-Langley and Lockheed Aircraft)

NASA/FAA Transport Crash Response Research

E. Accident Data Base Studies (by Boeing, Dougias, and Lockheed)

0 1Identify Range of Survivable Crash Conditions

0 Main Structural Features and Subsystems Affecting Injuries
0 Research and Approaches to Improve Transport Crashworthiness
0

Identify Test Techniques, Analytical Methods,... Needed to Assess
and Evaluate Transport Crash Response

0 Preliminary Results
+ Four Survivable Accident-Condition Categories

+ Transports: Shallow Descent Impacts are Dominant
o Small Vertical Velocity at Impact
o Large Forward Velocity at Impact

+ Structure-Surface Interactions Important for
o Rigid Surfaces: Concrete
o Compliant Surfaces: Packed or Plowed Ground

+ Worst Threat is Fuel Spillage from
0o Main Gear Penetration into Fuel Tank Area
o Failure of Wing-Mounted Engine Pylons
o Wing Structure Failure

+ Useful Analysis Tools
o Airframe and Subsystems: KRASH for Gross Response and
DYCAST for Detailed Response
(Improvements Needed for Composite-Structure Analysis)
0  Occupant-Seat-Restraint System: Use of SOMLA and DYCAST
(new code DYSOM)

Variety of Typical Lower Fuselage Configurations

Need Study to Enhance Crash Response Understanding and Behavior
of Each Tvpe

+ Analysis of Occupant/Seat/Restraint/Floor/Subfloor Responses at
Various Stations Along the Fuselage

F. Crashworthiness of Composite Fuselage Structural Components
(NASA-Langley and Lockheed Aircraft)

OBJECTIVES

0 1lIdentify Important Structural Parameters, Structural Response
Characteristics, and Potential Failure Modes
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0 Define Appropriate Test Methods

0 Compare Damage Sensitiviev of Composites to Conventional Aluminum
Fuselage Structure

0 Investigate Graphite-Epoxyv and Hvbrid Laminates

0 Focus on Structural Concepts for Lower Crown of Fuselage

STRUCTURAL PARAMETERS

0 Strength, Stiffness, Inelastic Behavior

STRUCTURAL RESPONSE CHARACTERISTICS
0 Crash Environment
0 Load-Deflection Behavior
0 Energy Absorption
0

Static vs. Dvnamic Behavior

POTENTIAL FAILURE MODES

0 Buckling, Delamination, Tearing, Abrasion, Thermal Degradation

COUPON TYPE TESTS

0 Tearing Resistance: Aluminum vs. Composite Laminates Out-of-Plane
and In-Plane Tearing

0 Abrasion Resistance Skin-Stringer and Orthogrid Coupons Against a
Concrete Surface

+ Conditions: Velocity 50 to 100 mph
Pressure 50, 100, 150 psi

+ Aims: Wear Resistance of Laminite Skins
Temperature Effects on Resin
Compare Results with Aluminum Coupons

+ Material: Aluminum, Graphite~Epoxy, and Hybrid Laminates

STRUCTURAL ELEMENT TESTS

0 Elements of Frame and Keelson Structure (Aluminum Beam vs. G/E
Honevcomb vs. Kevlar Honeycomb)

0 Failure Mode and load-Deflection Behavior
+ Through-Depth Compression: Crushing
+ Axial Compression
+ Axial Sheer

0 Static Tests and Tampact (Drop) Tests

TESTS OF SUBSCALE AIRFRAME COMPONENTS
0 Fuselage Skin-Frame-Stringer-Keelson Structure

0 Static Tests: Failure Mode and Load-Deflection Behavior
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0 Dynamic Drop-Impact Tests: Failure Mode, Load-Detlection, and
Fnergv Absorption Behavior (Measure: load, Strain, Acceleration,
and Deflection vs. Time)

0 Assess Postrailure Behavior of CGrillage Structure

At a reasonably early stage in this overall program (summer ot 1984),
a full-scale B-720 transport crash test is planned. This will permit studies
in three crashworthy research areas [2]:  structural airframe and seat
response, anti-mistingy kerosene pertormance characteristics, and cabin
fire safety materials testing. The structural airframe and seat response
objectives of those studies are [2]: "(a) to define dynamic seat pulse data
in the form of acceleration time histories at the seat/floor interface,
(b) to measure acceleration time-history data throughout the cabin interior
for comparison with nonlinecar analvtical predictions* of structural behavior
and to determine the level of injurv bv acceleration indices, (c¢) to determine
the accuracv of current flight recorder data, (d) to assess current and
improved seat/restraint-svstem/floor behavior, and (e) to detcrmine structural
deformations and failure modes.'" Both current and new seats and restraint
svstems could be assessed and compared directly.

In addition to these structural component and structural assembly
tests, new seat and restraint svstems mav be tested and assessed separately or
in conjunction with impact tests on proposed compesite-structure floor/
subfloor load-limiting concepts such as explored, for example, by Carden
and Havduk [107}]. Transient response, interaction, failure-mode, and
postfailure response data could be obtained to assess the overall concepts
and nonlinear transient response prediction methods.

Another important objective of the B-720 transport crash experiment is
to provide more comprehensive crash response data than obtained heretofore
for conventional metal-structure transports. This information can serve as
baseline data against which crash response behavior of future compousite-
material transports can be compared in the quest for comparable or better
crashworthiness.

5.5 Proposed Research

The present review of aircraft crash-response research indicates that
compousite-material aircraft structures are receiving and will receive
increased emphasis in the future. However, selective subscale and full-
scale impact crash-response measurements of conventional built-up metallic
aircraft structures will be made to form a baseline comparison against
which to assess the crashworthy performance of future "replacement vehicles"
composed largelv of composite materials. This useful role is included in the
NASA-FAA research plan [2,11,114,119].

The overall crash-response research plan indicated in the NASA flow

diagram shown in Subsection 5.4 is schematic but comprehensive.  Thomson and
his colleagues at NASA-Langley have given careful thought to the composition,

* Such as provided bv KRASH and/or DYCAST, for example: validating and
upgrading of these prediction methods (s also g goal,
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succession, and appropriate timing of work to develop comprehensive infor-

. mation on the crash-response behavior of composite-material structural elements

fq and structural assemblages. Detailed plans for that entire rescarch program

A have not been seen, and the present reviewers do not presume to advise those

o very capable and knowledgeable NASA/FAN researchers and planners.  Rather

2 we wish to cite a few matters that are belicved to merit studv, although

L these and other more important items mav alrcady be included in the NASA/FAA

L. research plan. Those matters are noted bricflv in two categories (a) experi-

H mental structural studies and (b) prediction method development in Subsections
5.5.1 and 5.5.2, respectively.

5.5.1 Experimental Structural Studies

1 The assistance and advice of transport and general aviation (GA) airframe
t‘l manufacturers such as Boeing, Douglas, Lockheed, Lear,... should be sought to
. identify the principal structural elements and configurations which their

< ’ experience and design studics show most likelv to be emploved in future
composite-material transport and CA aircraft. This should include representa-
tive stations all along the fuselage from the nose te the tail, including the
wing box and landing gear support and load transfer structure.

This information could serve to set priorities on and initially emphasize
detailed failure and postfailure studies of the most important structural
elements and subassemblies. Recommended material composition and lavups
for beam, keelson, frame, or other basic elements should be sought since
design and feasibility studies will have led to a narrowing of the multitude
of possibilities offered by composite-material construction. Based upon this
information, one could select a small set of high priority configurations for
subsequent construction and testing.

For each configuration selected*, it is proposed that subscale structural
assemblies be constructed and tested first in vertical impact tests to
determine the modes and sequence of impact-induced structural failures.

A second set of impact tests should be conducted employing a representative
ratio of horizontal-to-vertical impact velocity with impact against a
"concrete runway' surface -- again to assess the failure modes and sequences
associated with these conditions. In all cases detailed observations and
transient response measurements should be made. Based upon these results and
observations, a subsequent set of static tests should be carried out on either
the "same'" structural assemblage or upon selected portions (if feasible) of
that assemblage to evaluate and compare these failure modes with those
observed in the two dynamic test conditions, and to obtain postfailure load-
deflection and other structural-behavior data. These results should indicate
the nature and extent of subsequent static-test studies which may be useful.
These impact tests and static tests will provide transient response and
mechanical-behavior data of intrinsic value but also information which can
guide the analyst in deciding the minimal necessarv level of structural
modeling required to permit realistic predictions of nonlinear transient
structural response of selected structural regions or assemblages.  The
necessity of developing more comprehensive finite elements or the adequacy

of emploving relatively simple finite elements in conjunction with the

hybrid procedure (and guidance for selecting an effective hyvbrid procedure)

* T Appropriate account must be taken of much prior experience by NASA, AVRADCOM,
Bell, Lockheed,...to select crashworth. rather than fracsile materials/configurations.
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should become evident from these test results and subsequent analvsis
comparisons (using DYCAST and KRASH, ior example).

[t is recommended that studivs of the tvpe outlined above be carried
out on each of several "typival fuseclage scotion” contigurations to cover
in a subscale laboratory fashion all of the important regions of the fuselage,
wing-fuselage, etc. which can underye important crash-induced failure and
postfailure responses. In selected instunces (when timelv), seat/occupant/
restraints and attachments should be included and their responses measured.
Subsequent analvsis should be carried out to validate and upgrade transient
response prediction procedures.

With the proposed sequence of impact and static tests of (a) structural
assemblages and (b) structural elements a4 tund of failure and postfailure
information wiil be generated rfor composite-material combinations and
configurations which are most likely to be emploved in future transport
and GA aircraft. This data base should be valuable for conducting design
studies to meet specified crashworthiness requirements. Also, this
experience will lead to additional structural/material concepts for improved
crashworthiness.

Also, when timelv, similar structural-assemblage "sliding-impact' tests
against packed earth should be conducted to uncover any different modes of
response and failure produced in these composite structures by these
impact-interaction conditions.

5.5.2 Prediction Method Developments

Restricting attention to methods for predicting transient nonlinear
structural response of aircraft structures produced by impact or crash loads,
it appears reasonable to assume that essentially two types of analyses (or
computer programs) will serve as the prediction workhorses. The conventional-
lumped-parameter/hybrid method as represented by program KRASH will continue
to provide useful overall-response preliminary-design information because of
its comparative economy and simplicity. For detailed transient response
predictions, the finite~element procedure as represented typically by the
DYCAST program will 1likely find much but selective use; because of its higher
tidelity modeling capabilities, this program can provide very detailed
transient response information but the computational expense involved tends
to limit its use to certain selected portions of the entire structure.

In applications to composite airframe structures, KKASH has been
demonstrated to be effective [3,21] but its effectiveness depends heavily
upon the selection of an appropriate lumped-parameter model of the structure
involved. That selection requires much skill and judgment on the part of
the analyst; this in turn requires first-hand modeling-and-application
experience with KRASH and evaluations of predictions versus transient
structural response measurements. [t is urged that such studies continue
as the NASA/FAA program of impact and crash experiments proceeds. That
experience will produce improved skill and guidelines for appropriate
structural modeling and wiltl also suggest (a) where 1n the structural model
that the prescribed nonlinear hybrid load-deflection behavior needs to be
provided and (b) the nature and properties of that hvbrid behavior. Various
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types of composite arrangements for tuselage frame, skin-trame, and keelson
Structure may require different hybrid preperties. Carciully selected
static-test experiments to produce failure and postiailure structural
deformation patterns closely simulating those observed in crash-impact tests
will be needed to generate the fund or hvbrid-station mechanical-behavior
data to represent the mechanical bchavior o tvpical generic composite
configurations. As this data base grows, the analvst will be able to use
KRASH more effectivelyv tfor preliminary design studies.

With respect to the more refined finite element transient nonlinear
structural response prediction methods, it should be noted that the finite-
element structural model results in .1 set of ordinary nonlinear differential
equations of motion which can be solved timewise 1n small increments Lt in
time by the use of an appropriate finite-ditference operator, either explicit
or implicit. When the finite-element modeil consists of a relatively small
number of degrees of freedom (DOF), it is most efficient to solve those
equations timewisc by using an explicit operator such as, for example, the
timewise central-difference operator. However, explicit operators when
applied to either linear or nonlinear systems require that At be sufficiently
small; otherwise, the calculation will blow-up from (unavoidable) error
growth. Hence, when the finite element model has a great many DOF, the
required At size is so small that the computational expense involved in
carrying out the calculation for the necessary amount of total time becomes
prohibitive. In such cases, timewise implicit operators are used since such
operators permit one to use much larger values of t without computational
blow~up.

When timewise implicit methods are used to solve nonlinear transient
structural response problems, one of two approaches is used commonly. In
one case, the internal nonlinear loads at a given time instant tnp are
estimated by extrapolating known internal nonlinear loads at earlier time
instants t,_y and t;_o; the result 1s an approximation of the proper
equations, and the solution can be carried out in a straightforward noniter-
ative fashion [120]. However, the solution is guaranteed always to be
incorrect. But if "t is not "too large", the solution accuracy may be
acceptable for engineering purposes. [f thne entire solution is repeated
by using a fixed At which is halt as large as the former it, one can conclude
that a "converged" solution has been found it hoth predictions agree. 1If
not, the process can be repeated until a converged result is obtained. While
cach of these calceulations s comparatively inexpensive, the overall computa-
tional expense can become large if many repeat calculations are needed to
reach convergence. This "efficient but uncertain trial-and-error procedure"
can be circumvented bv solving the correct rather than the approximate
nonlinear equations at eaci time instant.

To solve the correct nonlinear cquations at each time instant with
implicit methods requires that iteration be carried out to convergence at
each time instant. Here also 1if scvere nonlincarities are present, certain
iteration procedures will fail to converge for a ygiven St size. For present
purposes let it suffice to note that recent studies have shown quasi-Newton
methods to be both effective and efficient [110,i11]; to date these are the
most et fective methods known for solving nonlinear transient structural
response problems.  The documentation scen on the workhorse DYCAST program
sugpests that implicit solutions with iteration are carried ont, but the
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procedure used and the converaence oriteria emploved are unclear.

[t is recommended that v study e made of the feasibility ot adapting
the BFCES version o the quasi=Newton method [L1T] to DYCAST as a possible
means of enhancing its etfticicensy omd eotftectiveness:; this is a powertully
convergent and efficient methed., 00 conrse, in all of these methods tne
time step size Tt nast be small cncush to permit toltlowing the response
history details of interest.  Details of interest to the analvst mav be

alssed it the St emploved is teo laree.

Also, although DYCAST contains scveral timewise finite-difference
operators (some with fixed and others with variable time step size Jt)
which the analvst mav select for use, a more recent variable time-step-
size procedure developed by Hibbitt appears to bhe verv attractive., Hibbitt
[121] has proposed a scheme to chanve the time step size in an exceptionally
effective manner as the solution proceeds so that overall accuracy mav be
maintained while eliminating unnecessarily (and uncconomically) small At
steps whenever possible (i.e., during periods of slowly varying responsce).
His procedure makes use of a moditicd Newmark operator devised by Hilber and
Hughes {121]. This approach together with BFGS iteration has been demon-
strated to be quite effective [110]. It is suggested that the possible
adaptation of this procedurce to DYCAST be explored (it not alreadv done).
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SUMMARY AND CONCLUSTONS

6.1 Summary

The present study was intended to consist of a review of the state of
the art of alrcrart crashworthiness work both cxperimental and theoretical,
but restricted to considerations o1 scvere structural response aspects.
Considerations pertaining to fuel syvstenm protection (and fires) and to
eMergency evacuation svstems were to be omicted.

Principal attention, therefore, was given to examining the state of
experimental investigations and of theoretical methods for predicting severe
transient structural responses of (a) conventional bnilt-up metallic aircraft
structures and (b) the newer composite-material structures. This information
was sought by searching the literature, bv contacting personnel from involved
governmental agencies and the airframe industry, and by visits to the FAA
Technical Center, NASa-Langlev, AVRADUCOM, AFML and ASD, within the contines
ot the available time and etfort for this project.

As a result of these contacts and visits, various reports and papers on
past research ot the crash responses of helicopters, general aviation aircraft,
and transports were furnished to us for studv by those contacted individuals.
In addition to reports on a succession of specific experimental and theoretical
investigations on aircraft crash response, summarv state-of-the-art papers or
reports on crashworthiness were provided. Most of this information applies to
aircraft of built-up metallic construction, but two of these summaries included
information on both past work and planned work on the crash responses of
composite~material aircraft structures. Information in this latter category,
however, appears to be quite limited but is growing.

In personal visits to, telephone discussions with, and/or written
information trom the FAA Technical Coenter, NASA-Langley, AVRADCOM (Ft. Eustis
and NASA-Langlev), and Bell Helicopter Textron personnel, some information
wis obtained on both current and planned rescarch on the crash-impact responses
af advanced composite airframe structures.

The results of this information collection-and-study are given in
Sections 2 through > of this report.

6.2 Conclusions

The current state of available aircraft crash response information is
described in a4 verv concise but comprehensive manner in the following
categorles by the indicated documents:

General Aviation Aircratt: Ret. 11 by T'homson and Goetz

Ref. 2 bv Thomson and Caiata

Helicopters: Ret.o 20 (and/or Ref. 3) bv Cronkbite et il
pef. 21 v Wittlin
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Iransports: Ref. 2 by Thomson and Caiata
Ref. 21 by Wittlin

General Aviation Aircraft

Crash response research for generat aviation (GA) aircraft has peen
led and sponsored by the FAA and NASA since the eariv 1470's. Many full-
scale crash experiments have been conducted on GA tyvpe aircraft at the NASA-
Langley tower impact tacility (Impact Dynamics Kescarch Facility). Detailed
measurements of straias, deflections, and accelerations (as well as high-
speed photographic observations) were made at manv locations in each air-
craft. 1In many cases, instrumented dummv occupants also were used. This
has led to an understanding of the principal modes and patterns of failure
and postfailure response for these tvpes of metallic and built-up metallic
aircraftt structures. Subsequent static tests on these principal structural
components has provided failure and postfailure load-deflection data which
has been emploved empirically in nonlinear transient response computer
programs to carry out theoretical-experimental correlation studies.

Since these experimental measurements and comparisons with field
accident data indicated that the g-torces measured in the cabin area were
in most cases well above human tolerance levels even though the livable
volume and structural integritv ot the cabin area had been maintained, a
need was seen to develop modified structural concepts to permit more
uniform and controlled crushing of the subfloor and better vertical-seat-
stroking load attenuation mechanisms. Subsequently, an extensive series
of subfloor concepts was designed, built, and tested. Static load~deflection
crush tests as well as drop-impact tests on full fuselage section, subfloor,
seat, and simulated occupant configurations were conducted at NASA~Langley
as reported bv Carden and Hayduk [107]. This work has demonstrated the
effectiveness of a variety of subfloor concepts for reducing the g~forces
in the occupant pelvic area. The development and validation of these subfloor
concepts represents a significant improvement in potential crashworthiness
of GA aircraft.

Subsequent comparisons between transient response measurements for
these fuselage-subfloor-seat-occupant configurations and predictions from
(a) the lumped-mass program KRASH model and (b) the finite-element DYCAST
model demonstrated reasonably good theoretical-experimental agreement.
However, the more refined DYCAST model and calculations provide much more
detailed and realistic transient response histories than does program KRASH.
These complementary prediction capabilities, KRASH and DYCAST, have been
developed to a very useful stage but further development of each will be
needed to deal with future tvpes of composite-material airframe structures.
It should be noted that various of these subfloor concepts consist of
combinations ot metaliic and non-metallic materials 1n various arrangements;
static load-deflection crush tests were carried out both to assess the
performance ol a given concept and to provide failure loads and nonlinear
load=deflection data nceded as input into both the KRASH and the DYCAST
program. A similar intormation generiation-and-use procedure is anticipated
when future composite~material contigurations are investigated. In this
wav an expanding data base wili be developed for future crashworthiness
design and analysis purposes.
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Load-limiting seats and scat -attachment Jdevices have been designed,
built, and tested; the trvansicnt response resuits measured in erash
deceleration simulations have been compared with those tor "unmodified
designs™ as reported bv Fassanella and Altaro-Bou 1221, Sienitricant
improvements have been demonstrated. Also described in Ret. 122 is an
FAA-funded computer program called SoMLA which models an aircrart seat,
an occupant, and a restraint svstem, This 3-d finite-element secat and
lumped-mass/spring/damper occupant model was used to predict vccupant
response in a seat-occupant drop test, with excellent experimental-
theoretical comparisons. For a more versatile and comprehensive prediction
capability, SOMLA is being combined with the finite-element DYCAST program;
all indications are that this will provide a verv usetul and reliable design
tool.

Helicopters

The U.S. army Research and Technology Laboratories (AVRAUDCOM) and its
predecesscr organizations at Ft. kKustis, Va. have been conducting crash-
worthiness research since the late 1950's. This work has led to the
development of a set of aircraft crashworthiness requirements [18] and to
the S5-volume Aircratt Crash Survival pesign Guide [13-17] which is regarded
widely as the bible for the crashworthiness design community. Crashworthiness
design principles and guidelines spelled out in Refs. 13-17 have been applied
and have increased significantly the crashworthiness and occupant survival of
Armyv helicopters and light aircrafrc.

Also, AVRADCOM was the first organization to investigate at some length
the use of composite materials in airframe structures and their behavior in
crash situations. References 3 and 20 summarize those developments. Various
airframe elements and components consisting of composite materials have under-
pone static and impact testing to assess their failure, postfailure, and
energy-ahsorbing behavior.

AVRADCOM is sponsoring a very comprehensive development activity called
the Advanced Composite Airframe Program {113]) in which two airframe
manutacturers Bell Helicopter Textron and Sikorsky Aircraft are playing
parallel leading roles. In this ACAP activity, aircraft crashworthiness is
only one of many design objectives and requirements in developing all-
composite airtrame designs.

A systematic series of studies tollowing the recommendations of Ref. 3
to assess parametrically the behavior of various composite-material structural
concepts for helicopter fuselage structure in both static and impact situations,
as noted under item A in Subsection 5.3, has been carried out and will be
reported upon shortly. Since the amount of essential experiments and data
available to reveal the failure and postfailure behavior ot the many composite-
material configurations and arrangements of practical interest is still very
small, an extended program of experiments, as outlined under item B 1n Sub-
section 5.3, is currently being conducted with emphasis on items with hell-
copter applications. A more general data base extension to take place over
the next few vears is outlined under item C of Subsection 5.3.
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It is apparent that a very good start has been made in obtaining failure,
postfailure, and energy absorption data for various structural elements
composed of composite materials. Mucih remains to be done. As the current
outlined program proceeds, useful avenues along which to extend these
investigations will become evident; the variety and complexity of potentially
viable materials and ccnfigurations to provide enhanced crashworthiness is
too vast to encourage speculation on useful directions except in very general
terms. Innovative structural concepts which provide load limiting behavior,

a large energv-absorbing capacity before collapse, and the use of hybrid
material layups with enhanced toughness resins are self-evident goals.

Transports

In the mid 1960's, the FAA conducted full-scale crash tests [2] on two
difterent transport aircratt: (a) to obtain crash envirconmental data, (b) to
study fuel containment, and {(c) to collect data on the behavior ot various
components and equipment aboard the airplane.

In 1984 the FAA and NASA are proposing to crash a remotely-piloted
Boeing B-720 into the ground to simulate a survivable crash landing; the
principal objectives [2] are to: (1) corroborate analytical predictions,

(2) test crashworthy design concepts, and (3) verify the performance of
anti-misting kerosene additives. The cabin interior will be fully
instrumented [2] and will contain both standard and crashworthy seat

designs with fully instrumented anthropomorphic dummies. Crashworthy
structural floor features will be assessed during the monitored crash
sequence. The test objectives focus upon (i) structural airframe and seat
behavior, (ii) the performance of anti-misting kerosene, and (iii) charac-
terization of cabin hazards created by external fuel fire; these are elabor-
ated upon more fullv in Ref. 2. The structural and occupant response data to
be obtained in this test are to serve as baseline crash response information
associated with a conventional metallic airframe structure —- for comparison
in the future with structural response data from "a composite materials/
structures replacement'" designed to meet the same basic specifications as
the older design but to exhibit crashworthiness behavior at least the equal
of its older counterpart with little or no increase in weight and with
acceptable cost.

Thomson and Caiafa [2] and Wittlin [21] describe the current and planned
program of transport crash dynamics research being conducted cooperatively by
the FAA, NASA, and industry to develop technology for improved crashworthiness
and occupant survivability in transport aircraft. Aside from the baseline
transport crash response data to be obtained for a conventional (B-720)
transport, emphasis is given to investigating the behavior and effectiveness
of composite-material transport airframe structures in future designs. In
pursuing this area, the past information and experience developed in the
general aviation and helicopter crash dynamics programs are being taken into
account. Tt is noted [2] that transport aircratt have somewhat different
features from those of GA aircraft and helicopters with respect to fuel
containment, multi-occupant seat and floor behavior, composite crash response,
and multi-occupant egress.
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Under the FAA/NASA traansport aircrait crash dypamics research program,
Boeing, Douglas, and Luckheed=talifornia are conductiny studies of past
aircraft accidents to identifyv the principal catepgories of potentially
survivable crash scenarios and conditions as a tocus four subsequent invest-
igations [2,21}; four categories and the associated impact conditions have
been identified. Also, these airframe desiyners and companies are seeking
to identify the various tvpical structural configurations and arrangements
of composite-material structures likely to be emploved at various fuselage
and wing stations: the overail objectives dand preliminarv results obtained
are outlined under item E on page 106. 1In parallel and in collaboration
with this work, NASA and the FAA have laid out a composite materials/
structures test program to investigate the response characteristics of a
succession of structural components and assemblages to simulated crash
loadings as indicated in the NASA/FAA planning chart shown on page 105.
Some of the facets and objectives of this part of the FAA/NASA program are
indicated under item F on pages 106-108.

As this FAA/NASA/industry transport crash dvnamics research program
proceeds, data and experience on the crash responses of structural elements
and assemblages comprised of various different composite materials and
combinations thereof, honeycomb structure, etc. wiil point the way to ever
more effective structural concepts and materials for coping with crash
conditions efficientlv. The basic FAA/NASA plan is a very logical and
orderly one, and can be expected to produce a valuablie fund of structural
behavior and design information which can be applied to reduce crash hazards
and achieve a high level of crashworthiness in future composite-material
transport aircraft. A very important ingredient in achieving these goals will
be the close and continuing involvement of and collaboration between the
airframe industry and the FAA/NASA team in all aspects of this research:
experimental, analytical, and design. 1n addition to developing necessary
basic data, this collaboration should lead to an effective focussing ot effort
on design and material concepts which will find practical application in
future transport aircraft.

Summary Comments

The available information on current programs ot experiments to
investigate the failure, postfailure, and energy absorbing betavior of
composite-material structural elements and assemblages under hoth static
and simulated crash conditions has been outlined under items A, B, C, and
D in Subsection 5.3 and under items i and F in Subscction 5.4. Aside from
Refs 2 and 21, no progress or status reports have been received to provide
an up-to-date assessment of progress and problems encountered in those studies.
The most meaningful and authoritative recommendations for subsequent necessary
crash response work will come from the investigators who are actively
carrying out and monitoring those experiments. These include personnel at:

a. Bell Helicopter Tlextron

b. Sikorsky Aircraft

¢. Lockheed Calitornia

d. AVRADCOM, Ft. Eustis

¢. AVRADCOM at NASA-lLangley

f. NASA-Langley Structures Division

v, NASA Langlev Process/Applications granch, Materidals Division
h.  FaA Technical Center
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among others. R. Thomson of the NASA-Langley Research Center, C. Caiafa

of the FAA Technical Center, and K. Burrows of AVRADCOM, Ft. Eustis, Va.

have provided strong leadership in planning and sponsoring crash response
research work. Close collaboration and cooperation amongst these individuals
and agencies as well as amongst their contractors will be effective in the
orderly and rapid development of crashworthy technology for future composite-
material aircraftt.
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